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Prefaces 
 
 
 
The research activities carried out by the Iranian-Italian Joint Archaeological Mission in Fars on the Persepolis Terrace 
in the frame of the project "From Palace to Town:  An integrated multidisciplinary approach to Persepolis terrace and 
town" include the application of physical and chemical investigations on the finds coming from the excavations at the 
two sites of Persepolis West and Bagh-e Firuzi. Archaeometry represents a whole section of the project indeed and 
corresponds to our expectations for an up-to-date approach to archaeological research from a joint mission. The 
abundant information obtained through several scientific methodologies and made accessible through a digital 
publication represents a precious tool for further research in this field, which allows to base our understanding of 
antiquity on the most recent methodologies of scientific investigation. I congratulate the Iranian-Italian Joint 
Archaeological Mission in Fars for this excellent result. 
 
Mohammad Hassan Talebian 
Deputy, ICHHTO 
 
 
 
The results of the research activities of the Joint Iranian-Italian Archaeological Mission in Fars in the area of the 
Persepolis Terrace represent the most recent advances in our knowledge of a site of fundamental importance for the 
history of humanity. The Research Centre for Cultural Heritage and Tourism of the Islamic Republic of Iran, under the 
aegis of which the activities are being carried out on the basis of a Memorandum of Understanding signed in 2008 and 
renewed in 2013, is glad that the joint archaeological project has included in its range of activities also the application 
of physical and chemical investigations on archaeological finds. 
The volume presents the results of the archaeometric activities which have been directed toward a wide range of 
materials, from clay to ceramics and bricks, from metals to bitumen. The value of these activities is enhanced by the 
fact that they are the outcome of international collaboration, bearing out my agreement to such collaboration framed 
within the Iranian strategy of development of archaeological research. I am thankful for all the scholars who have been 
able to produce such a valuable contribution in this perspective, be they Iranian or Italian.  
 
Seyyed Mohammad Beheshti 
Director, RICHT 
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Introduction 
 
Alireza Askari Chaverdi and Pierfrancesco Callieri 
 
 
The multidisciplinary approach has characterised the activities of the Iranian-Italian Joint Archaeological Mission since 
their beginning in 2005. The contribution of archaeometric investigations, which fortunately can now be accounted 
among the good practices of up-to-date archaeological research, acquires a far larger importance in the studies of 
material culture in those areas where we lack other supports such as a well-established and statistically reliable tradition 
of studies. Historical Iran of Pre-Islamic age is an area where the lack of information on ancient craft productions 
represents a true obstacle in the knowledge of the past, which is based mostly on written sources and on the 
monumental architecture of Iranian dynasties and leaves in a dramatic shadow the reconstruction of the ancient life. 
The multidisciplinary project "From Palace to Town" has among its aims and methods not only diagnostic studies on 
the stone monuments of the Achaemenid Terrace, fundamental for further activities in their urgent conservation, but 
also a strong interest in the application of physical and chemical investigations for a better understanding of the classes 
of artefacts which have characterised the results of archaeological field work at the two sites of Persepolis West and 
Bagh-e Firuzi: pottery and other productions for everyday life at Persepolis West and bricks at Tol-e Ajori, the site 
which represents the main discovery in the area of Bagh-e Firuzi. 
The wealth of activities and results fruit of the Iranian-Italian collaboration in the field of archaeometry, based 
particularly on the fundamental role played by the joint efforts of the team lead by Prof. Maria Letizia Amadori, of the 
University of Urbino, and Prof. Mohammadamin Emami, of the Esfahan University of Arts, represents to-date one of 
the most rewarding results of the project.  
The results of this collaboration play an important role in the completeness of studies on ceramics of the Achaemenid 
and Post-Achaemenid periods in Central Fars, pointing to the existence of diversified centres of ceramic production in 
Persepolis West, remarkably distinct from the much less varied picture emerging from the studies on ceramics from the 
area of Pasargadae and indicative of the more "urban" character of the first site. 
At the same time, the exceptional baked and glazed bricks from the monumental gate of Tol-e Ajori can now be 
approached also on their physical and chemical aspects, a fact that will multiply the interest of their comparison with 
their Babylonian prototypes of the Ishtar Gate, particularly if the project of collaboration with the Vorderasiatisches 
Museum in Berlin will start soon as hoped. 
Other scholars have joined this collaboration, namely Prof. Marisa Laurenzi Tabasso and Dr Stefano Ridolfi, who have 
also investigated glazed bricks evidencing the differences between the glazed bricks from Persepolis Terrace and Tol-e 
Ajori, and Dr Thomas Van de Welde, which has contributed an illuminating study on the bitumen from Tol-e Ajori. 
We are therefore proud of being able to present to the scientific community the reports of these activities, for which the 
digital format has been chosen in order to allow the insertion of a considerable amount of original information with 
colour illustration.  
Our thanks go to all the scholars who contributed, as well to the Iranian authorities who made possible the collection 
and study of samples 
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Scientific Investigations on Raw Clay Materials from Fars area 
 
Maria Letizia Amadori, Paolo Pallante, Sara Barcelli and Marco Galuppi 
 
 
Introduction 
 
The excavations of the Iranian-Italian Joint Archaeological Mission, directed by Professor Alireza Askari Chaverdi 
(Shiraz University) and Professor Pierfrancesco Callieri (University of Bologna), following the activities at Tang-e 
Bolaghi and Pasargadae (Askari Chaverdi and Callieri 2006: 23-25; Askari Chaverdi and Callieri 2016), since 2008 
were carried out at the site of Persepolis West, unearthing numerous ceramic materials (Askari Chaverdi and Callieri 
2012: 225-248; Amadori et al. 2012: 183-207; Callieri et al. 2014: 1-11). Later excavations have interested the area of 
Bagh-e Firuzi, located 3.5 km west of the Achaemenid Terrace of Persepolis. In this area, excavations at the site of Tol-
e Ajori have unearthed a structure built with mud-bricks and baked bricks, and an external facade of monochrome 
glazed bricks (Askari Chaverdi et al. 2013).  
As ceramic and bricks were generally used, besides their scientific investigations
1
, a territorial survey regarding local 
raw clay deposits outcropping in the neighbourhood were carried out.  
Several raw clay samples (Figs. 1 and 2) were collected and investigated (Amadori et al. 2017), in order to identify the 
raw materials used for produce ancient ceramic and bricks. The samples have been subjected to X-ray diffraction 
analyses (XRD), X-ray fluorescence analyses (XRF), SEM-EDX analyses and FTIR-ATR spectrometry.  
 
Materials 
 
Thirty-nine samples were collected and analysed: nine samples from the quarry of Kushk-e Marvdasht, one from Tol-e 
Ajori, twelve samples from the quarry of Esktahr, nine from Tang-e Bolaghi, two from Pasargadae, and six clays 
samples from Firuzi, near the Polvar river (Figs. 1-7, Tab. 1). As of the Kushk-e Marvdasht raw clay samples, four were 
collected in the low quarry (KM1-4) (Fig. 3), while the other five were taken from the high quarry (KM5-9) (Fig. 4). 
Only one sample of clay comes from the area of Tol-e Ajori, north of Kushk (TAJ57), while twelve clay samples were 
taken from the quarry of Estakhr, located to the northeast of Kushk, (HA1-12) (Fig. 5). Further north, nine samples of 
clays were collected in Tang-e Bolaghi (TBPOL1-9) (Fig. 6), two in the Polvar riverbed near Pasargadae (PPOL1-2) 
(Fig. 7) and six in the Firuzi site, near the Polvar river, located 3.5 km west of the Terrace of Persepolis (FIPOL1-2). 
 
 
 
                                                 
1 - See Ch. 2. 
 
 
Fig. 1 - Raw clay materials map provenance. 
 
 
Fig. 2 - Raw clay materials map provenance. 
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a b 
 
Fig. 3 - Bottom quarry of Kushk, samples KM. 
 
 
a b 
 
Fig. 4 - Top quarry of Kushk, samples KM. 
 
 
Methods 
 
The samples were analysed using: 
- X-ray diffractometry (XRD) on all raw clay samples (carried out on the powders obtained from a few tens of 
milligrams of finely ground sample), which allows evaluating the qualitative and semi-quantitative mineralogical 
composition. Analyses were carried out with a Philips PW 3710 diffractometry continuous scanning filter with nickel 
(Guagliardi and Masciocchi 2006); 
- X-ray fluorescence (XRF) on powder pellets constituted by the finely powdered samples (the same used for the XRD 
analyses) pressed on a support of boric acid, by using a spectrometer Philips PW 1480 (with X-ray tubes with an anode 
in Sc-Mo or W) for the determination of the chemical composition of the major, minor and trace elements. The Loss on 
Ignition (L.O.I.) of the analysed samples was determined by calcination at 1000 °C; the samples were previously dried 
in oven at 105°C. Several international standards (USGS, Canada, South Africa, Japan and China), were used to verify 
the accuracy of the measurements; 
-The infrared spectra were collected with a spectrophotometer Nicolet 380 (Thermo Electron Corporation) equipped 
with ATR accessory Smart Orbit and interfaced with a microscope FT-IR Nicolet Centaurus. The ATR accessory is 
equipped with a diamond crystal. The ATR technique allows to analyse small amounts of sample. FT-IR spectra were 
acquired in the range 4000 cm
-1
 and 500 cm
-1
 (Madejová 2002); 
-A Perkin-Elmer Instrument model TGA7 carried out Thermo gravimetric analyses TGA. The analyses were conducted 
in the range 30-800 °C, increasing the temperature at a rate of 20 °C/minute, using about 2.5 mg of sample for each 
analysis; 
-The samples were also analysed by SEM-EDX (electron scanning microscope coupled to an energy dispersive system 
M.L. Amadori, P. Pallante, S. Barcelli and M. Galuppi 
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spectrometer) in order to observe the surface morphology and to study the chemical composition. The instrument used 
was a Hitachi TM1000 equipped with an energy dispersive X-ray Spectrometer (Oxford Instruments SwiftED).  
Semi-quantitative analyses by SEM-EDX were performed on powder pellets using the standard proceedings used to 
prepare powder samples for FT-IR. 
 
 
 
 
 
 
 
 
 
Fig. 6 - Polvar river, Pasargadae, samples PPOL. 
 
 
 
Fig. 5 - Estakhr, samples HA. 
 
 
a      b 
 
Fig. 7 - Polvar River, Tang-e Bolaghi, samples TBPOL. 
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Tab. 1 - List of raw clay samples. 
 
Sample Provenance Sample  Provenance  
KM01 Kushk-e Marvdasht KM02 Kushk-e Marvdasht 
  
KM03 Kushk-e Marvdasht KM04 Kushk-e Marvdasht 
  
KM05 Kushk-e Marvdasht KM06 Kushk-e Marvdasht 
  
KM07 Kushk-e Marvdasht KM 08 Kushk-e Marvdasht 
  
KM 09 Kushk-e Marvdasht  
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HA 01 Hasan Abad, quarry of Estakhr HA02 Hasan Abad, quarry of Estakhr 
  
HA03 Hasan Abad, quarry of Estakhr HA04 Hasan Abad, quarry of Estakhr 
  
HA05 Hasan Abad, quarry of Estakhr HA06 Hasan Abad, quarry of Estakhr 
  
HA07 Hasan Abad, quarry of Estakhr HA08 Hasan Abad, quarry of Estakhr 
  
HA09 Hasan Abad, quarry of Estakhr HA10 Hasan Abad, quarry of Estakhr 
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HA 11 Hasan Abad, quarry of Estakhr HA 12 Hasan Abad, quarry of Estakhr 
  
TBPOL01 Tang-e Bolaghi Polvar TBPOL02 Tang-e Bolaghi Polvar 
  
TBPOL03 Tang-e Bolaghi Polvar TBPOL04 Tang-e Bolaghi Polvar 
  
TBPOL05 Tang-e Bolaghi Polvar TBPOL06 Tang-e Bolaghi Polvar 
  
TBPOL 07 Tang-e Bolaghi Polvar TBPOL09 Tang-e Bolaghi Polvar 
  
PPOL01 Pasargadae Polvar PPOL02 Pasargadae Polvar 
  
M.L. Amadori, P. Pallante, S. Barcelli and M. Galuppi 
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TBPOL08 Tang-e Bolaghi Polvar TAJ57 Tol-e Ajori 
FIPOL 01 Firuzi Polvar FIPOL02 Firuzi Polvar 
FIPOL 03 Firuzi Polvar FIPOL04 Firuzi Polvar 
FIPOL 05 Firuzi Polvar FIPOL06 Firuzi Polvar 
 
 
 
 
Results and discussion 
 
X-ray diffractometry 
 
The diffraction analyses (Tab. 2) allowed to identify the constitutive minerals and evaluate their semi-quantitative 
abundance. 
The samples of KM series (quarry of Kushk-e Marvdasht) show a high content of quartz and calcite (in particular in 
sample KM04) and low levels of plagioclase, illite/mica, chlorite and dolomite. 
Samples of HA series (quarry of Estakhr) are quite homogeneous and are mainly characterized by quartz and calcite, 
smaller and variables quantities of plagioclase, illite/mica, chlorite, dolomite and occasionally also K-feldspars and 
hematite. Within this series, sample HA07 shows the highest content of plagioclase and dolomite. 
TBPOL clays (Tang-e Bolaghi Polvar) are rich in calcite and quartz, followed by constants tenors of illite/mica and 
chlorite while plagioclases and dolomite are from scanty to trace. 
Samples from PPOL series (Pasargadae Polvar) are mainly characterized by calcite and quartz, secondly by decreasing 
levels of plagioclase, illite/mica, chlorite, dolomite and K-feldspars.  
The mineralogical composition of TAJ 57 sample (Tol-e Ajori) is similar to the samples of PPOL series. 
FIPOL samples are mainly characterized by the presence of calcite and quartz, decreasing quantities of plagioclase, 
dolomite, illite/mica; plagioclase, chlorite is present only in some samples.  
 
 
 Tab. 2 - Qualitative and semi-quantitative mineralogical composition (XRD) 
 
Samples Qtz Cal Pl Ill/Mic Chl Kfs Dol Hem 
KM01 xxx xxx ± ± x  x  
KM02 xxx xxx ± ± ±  ±  
KM03 xxx xxx ± ± ±  ±  
KM04 xxxxx xxxx ± ± ±  ±  
KM05 xxx xxx ± ± ±  ±  
KM06 xxx xxx ± ± ±  ±  
KM07 xxx xx ± ± ±  ±  
KM08 xxx xxx ± ± ±  ±  
KM 09 xxx xxx x ± ±  ±  
HA 01 xx xxx ± ± ± ± ±  
HA02 xx xxx ± ±   ± ± 
HA03 xxx xx ± ± ± ± ±  
HA04 xxxx xxxxx ± ± ±  ±  
HA05 xxx xxxx x ± ±  x  
HA06 xxx xxxx ± x x  tr  
HA07 xxxx xxxxx xx x x tr xx tr 
HA08 xxx xxxx ± x x  ±  
HA09 xxxx xxx x ± ± tr tr  
HA10 xxx xxxx ± x x tr tr tr 
HA11 xxx xxxx ± ±/x ±/x tr tr  
HA12 xxxx xxxx x x x tr ± tr 
TBPOL01 xxx xxxx ± x x tr tr tr 
TBPOL02 xxx xxxx ± ± ± tr tr  
TBPOL03 xxxx xxx x ± ± ± ±  
TBPOL04 xxx xxxx xx x x tr x/xx tr 
TBPOL 05 xxxx xxx x ± ± tr tr  
TBPOL06 xxx xxxx x ± ± ±/tr tr  
Scientific Investigations on Raw Clay Materials from Fars area 
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TBPOL07 xxx xxxx ± x ± tr tr tr 
TBPOL 08 xxx xxxx x/xx ± ± tr tr tr 
TBPOL09 xxxx xxxx x/xx x x tr ±  
PPOL01 xxxx xxxx x x x tr/± ±  
PPOL02 xxxx xxx x/xx x ± ± x  
TAJ57 xxxx xxxx x x ± tr ±/x  
FIPOL1 xxxx xxx x x   xx  
FIPOL2 xxxx xxx  x   xx  
FIPOL3 xxxx xxx  x   ±  
FIPOL4 xxxx xxx x    xx  
FIPOL5 xxxx xxx  x x  xx  
FIPOL6 xxxx xxx  xx   xx  
xxxxx=very abundant; xxxx=abundant; xxx=discrete; xx=scanty; x=poor; ±=very poor; tr=trace; -=absent. 
Qtz=Quartz, Cal=Calcite, Pl=Plagioclases, Chl=Chlorite, Kfs=K-feldspars, Dol=Dolomite, Hem=Hematite, (Kretz 
1983); Ill/Mic=Illite/Mica. 
 
 
 
FTIR-ATR analyses  
 
The IR spectra, in ATR mode, were recorded between 4000 cm
-1
 and 500 cm
-1
 (Fig. 8). 
Spectra allow the identification of two phases: quartz and calcite. The quartz absorbs IR radiation outside this range at 
1160 and 1082 cm-
1
. The presence of quartz is, however, confirmed by the peaks around 797 cm
-1
, typical of this 
crystal. The other peaks attributable to vibration of the bond Si-O in the silicate are between 780-800 cm
-1
 (symmetric 
stretching) and between 1000-1200 cm
-1
 (asymmetric stretching).  
Calcite presents three peaks of high intensity at 1420, 870 and 713 cm
-1
. The presence of peaks at 870-872 cm
-1
, 
associated to the asymmetric stretching of carbonate ion 17, is typical of the most common polymorph of calcium 
carbonate.  
The presence of chlorite and phyllosilicates, which absorbs at 987 cm-
1
 were also detected.  
 
 
 
 
 
Fig. 8 - FIPOLC - IR spectra of raw clays. 
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X-ray fluorescence analyses 
 
The X-ray fluorescence analyses on raw clays allow to identify the elementary chemical composition, major, minor and 
trace elements (Tabs. 3 and 4).  
The raw clays show positive trends of Ti/Al, Mg/Fe, Ca/Al and Fe/Al; this is particularly evident and well defined in 
the last two correlations (Ca/Al and Fe/Al).  
The raw clays from Kushk (KM samples) have high contents of Si, from 37.73 to 45.1 %, and secondarily of Ca, from 
8.21 to 20.07 %, and Al, from 8.28 to 13.43 %. Modest is the content of Mg and Fe, variables from 4.49 to 6.12 % and 
from 3.71 to 6.46 % respectively. K is between 1.2 and 2.4 %, while the content of Na, Ti, Mn and P gradually 
decrease. The minor elements Cr, Sr, Ba, and Zr are the most abundant, although they are characterized by a 
considerable variability; Cr: 123-584 ppm, Sr: 268-540 ppm, Ba: 249-355 ppm, Zr 148-355 ppm. 
The HA raw clays show high and variable levels of Si, from 32,45 to 41.28 %, the concentration of Ca is particularly 
heterogeneous, its percentages varying from 17.72 to 30.79%. The Al concentrations are rather low, varying from 4.84 
to 10.67 %, and Mg and Fe show similar concentrations (from 2.28 to 5.3% and from 2.25 to 4.36% respectively). The 
other elements are present in concentrations lower than 1.5%. As for minor elements the content of Cr shows a wide 
variability (from 134 to 783 ppm), as well as Ba (175-482 ppm) and Zr (132-377 ppm), while Sr is more homogeneous 
(273-409 ppm).  
TBPOL clays are chemically more homogeneous than to the other clays considered. The contents of Si (34.67-43.0 %), 
Ca (14.62-18.37 %), Al (10.71-12.32 %), as well as Mg and Fe, are quite similar in the other clays, but with a 
considerably lesser variability. The minor and trace elements also show a similar behaviour. 
The two PPOL raw clays show very small changes in the content of individual elements. By considering the total 
elemental concentrations, as well as the variability, these clays are quite similar to the TBPOL ones.  
The only clay sample from the area of Tol-e Ajori is very similar (within the range) to the other clays. Only P and Sr 
concentrations slightly differ from the average of the other clays.  
 
 
Tab. 3 – Elemental chemical composition of major elements (% weight) in the raw clays 
 
Samples P.F. Na2O MgO Al2O3 SiO2 P2O5 K2O CaO TiO2 MnO Fe2O3 
KM01 21,05 0,83 6,12 9,56 39,50 0,12 1,43 16,71 0,53 0,13 4,02 
KM02 21,21 0,57 5,95 10,77 38,17 0,12 1,81 15,65 0,54 0,13 5,07 
KM03 21,26 0,43 5,86 11,57 37,73 0,13 1,99 14,55 0,56 0,14 5,79 
KM04 20,95 0,71 4,56 8,28 39,61 0,12 1,22 20,07 0,64 0,13 3,71 
KM05 19,54 0,51 5,77 11,61 40,77 0,14 2,04 13,15 0,61 0,10 5,76 
KM06 20,42 0,52 5,48 10,74 39,43 0,17 1,87 15,61 0,58 0,15 5,02 
KM07 17,04 0,45 6,00 13,43 45,10 0,16 2,37 8,21 0,67 0,10 6,46 
KM08 20,63 0,68 4,91 9,94 40,09 0,13 1,59 16,99 0,56 0,09 4,39 
KM09 21,47 0,64 4,49 8,84 38,70 0,11 1,39 19,51 0,56 0,11 4,17 
HA01 22,55 0,48 4,98 9,64 37,24 0,12 1,55 18,49 0,53 0,11 4,30 
HA02 20,60 0,42 5,30 11,94 39,96 0,14 1,94 13,52 0,61 0,11 5,48 
HA03 20,13 0,88 4,58 8,77 41,12 0,11 1,35 18,48 0,62 0,12 3,83 
HA04 25,72 0,56 2,29 4,27 31,95 0,08 0,60 31,78 0,39 0,10 2,26 
HA05 24,38 0,40 5,16 9,19 35,32 0,10 1,35 20,25 0,47 0,08 3,29 
HA06 25,22 0,48 5,42 9,39 33,50 0,11 1,45 19,40 0,46 0,13 4,44 
HA07 24,14 0,76 4,37 7,29 34,57 0,11 0,97 23,48 0,64 0,09 3,59 
HA08 24,52 0,35 5,04 9,44 34,23 0,11 1,38 19,84 0,47 0,14 4,48 
HA09 22,21 0,50 4,76 9,72 37,19 0,12 1,48 18,95 0,53 0,12 4,42 
HA10 23,16 0,30 4,99 10,94 35,59 0,11 1,78 17,12 0,53 0,11 5,38 
HA11 22,76 0,43 4,65 9,88 36,82 0,11 1,52 19,05 0,52 0,08 4,18 
HA12 21,76 0,53 4,37 9,47 38,40 0,11 1,45 18,91 0,51 0,10 4,39 
TBPOL01 22,06 0,43 5,31 11,19 37,63 0,12 1,87 15,25 0,53 0,12 5,47 
TBPOL02 22,49 0,39 4,90 10,52 36,86 0,11 1,67 17,21 0,54 0,12 5,19 
TBPOL03 19,03 0,68 4,72 9,76 42,73 0,12 1,55 16,26 0,60 0,10 4,45 
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TBPOL04 21,83 0,40 4,87 10,77 38,12 0,13 1,82 16,16 0,56 0,12 5,21 
TBPOL05 21,88 0,45 4,59 10,07 38,24 0,13 1,63 17,68 0,55 0,10 4,70 
TBPOL06 24,81 0,32 4,51 9,70 34,54 0,13 1,58 19,13 0,48 0,12 4,67 
TBPOL07 24,38 1,42 5,28 10,45 35,61 0,12 1,66 15,31 0,51 0,10 5,17 
TBPOL08 22,24 0,57 4,44 9,03 37,20 0,11 1,38 20,33 0,51 0,10 4,09 
TBPOL09 22,89 0,47 4,66 9,48 36,70 0,11 1,48 19,26 0,53 0,10 4,31 
PPOL01 21,42 0,52 5,19 10,57 38,52 0,11 1,68 16,49 0,54 0,10 4,87 
PPOL02 22,47 0,41 4,51 9,55 36,81 0,11 1,60 18,82 0,51 0,21 5,02 
TAJ57 21,20 0,48 5,75 10,43 38,48 0,15 1,83 16,29 0,54 0,12 4,72 
 
 
 
Tab. 4 – Elemental chemical composition of minor and trace elements (ppm) in the raw clays 
 
KM01 83 16 136 92 41 18 264 18 7 175 6 540 53 13 4 59 20 
KM02 97 20 123 114 51 20 257 22 8 148 18 342 70 14 8 80 28 
KM03 119 21 135 126 52 19 249 23 7 155 15 351 79 16 11 89 34 
KM04 77 16 584 91 38 18 287 20 8 355 17 366 37 9 3 44 16 
KM05 112 20 146 124 50 23 256 22 10 167 21 336 81 14 8 96 35 
KM06 116 22 154 114 44 20 355 24 9 172 18 418 65 12 6 83 29 
KM07 130 20 174 133 61 24 279 28 12 185 21 268 97 18 0,5 111 36 
KM08 92 13 150 99 41 19 294 21 9 176 16 398 61 11 8 68 23 
KM09 82 12 214 99 39 17 321 18 7 192 15 426 46 8 13 55 22 
HA01 105 15 182 96 38 19 281 17 7 172 16 352 52 10 6 62 22 
HA02 124 20 148 126 46 23 304 24 12 163 18 314 75 17 8 86 31 
HA03 79 14 214 85 44 20 247 21 7 250 16 370 47 14 2 49 17 
HA04 48 11 311 54 21 16 175 12 3 147 11 306 19 8 0,5 25 9 
HA05 91 11 192 75 33 16 356 21 7 147 15 409 50 9 0,5 57 13 
HA06 132 19 150 96 37 17 482 15 8 131 16 406 54 15 3 65 22 
HA07 87 9 783 83 42 18 343 23 5 377 19 363 32 9 1 41 15 
HA08 149 21 147 99 34 16 268 18 7 132 13 309 54 10 8 64 25 
HA09 113 14 170 98 38 19 241 19 8 168 15 294 54 15 6 64 22 
HA10 133 17 134 118 45 19 227 20 9 139 15 273 72 11 9 83 30 
HA11 93 11 194 96 40 20 210 17 8 162 17 296 57 8 6 62 20 
HA12 125 16 200 97 36 19 303 15 7 165 16 330 54 13 4 56 21 
TBPOL01 142 21 140 117 45 22 274 24 9 145 17 364 74 15 10 83 30 
TBPOL02 148 22 153 117 48 18 287 20 10 151 16 380 66 12 11 78 30 
TBPOL03 93 14 161 99 45 19 320 20 8 199 18 349 54 16 4 65 22 
TBPOL04 125 17 175 114 47 21 299 24 9 168 16 327 66 15 9 79 30 
TBPOL05 112 15 187 103 49 20 281 20 7 176 16 350 61 12 3 66 25 
TBPOL06 108 16 135 99 35 16 256 19 8 142 13 493 62 13 2 76 25 
TBPOL07 122 17 134 110 42 19 273 18 9 139 16 346 65 10 10 76 26 
TBPOL08 116 15 311 90 43 17 267 20 8 191 15 387 50 16 4 55 21 
TBPOL09 110 15 352 95 40 18 238 20 8 189 15 439 50 14 0,5 61 22 
PPOL01 115 16 149 105 48 20 236 20 7 158 16 437 64 11 7 74 25 
PPOL02 230 26 196 107 44 17 341 18 8 143 15 360 61 12 10 70 30 
TAJ57 111 20 155 102 43 20 245 16 7 169 15 533 67 18 5 79 27 
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Scanning electron microscope and EDX analyses 
 
The FIPOL raw clays, sampled later than other clays, have not been analysed by XRF. Consequently, the powder tablets 
of the FIPOL clay samples were analysed by using an energy dispersive system (EDX), in order to obtain semi-
quantitative data of the main elements. 
Four raw clay (KM samples) from the quarry of Kushk-e Marvdasht (lower quarry), previously analysed by XRF (see 
above), were analysed using EDX to compare the results. Since the comparison between the data for KM samples 
obtained using the two different analytical techniques evidenced some systematic differences in the elemental 
concentrations, some correlation factors for the different elements have been calculated and applied to compare all the 
clays samples.  
The SEM-EDX analyses, carried out on an area of about 4 mm
2
, revealed the main oxides that constitute the 
components of the clay: CaO, SiO2, Fe2O3, Al2O3, K2O and MgO. Sometimes titanium and sodium were also found. 
Silicon is mainly related to silicates and oxides (quartz) and calcium to carbonates, silicates and some different minerals 
that contain calcium. Aluminium is mainly related to allumosilicates (feldspars and others) and clays. Goethite, 
hematite and maghemite, revealed in the XRD analyses, explain the high iron content. Potassium is a feldspars 
constituent and/or it could be present in some clay minerals such as illite. 
The composition of the samples FIPOL02, FIPOL04 and FIPOL05 is very similar. The only exception is clay FIPOL05 
because of its high amounts of potassium. FIPOL03 has extremely high levels of calcium. The raw clays FIPOL01 and 
FIPOL06 are very similar and are characterized by the presence of high levels of magnesium, aluminium and iron. 
 
 
TGA analyses  
 
TGA analyses were conducted only on FIPOL clays (Fig. 9). The profiles of the thermograms are very similar to each 
other. The curves decrease slowly, and this indicates a scarce weight loss at low temperatures, to be related to a low 
water content of the clays. The peaks at 1420, 870 and 713 cm
-1
, highlight the presence of calcite, while the absorption 
in the range of 1082-1160 cm
-1
 376 is due to the presence of quartz and some silicates. 
 
 
 
 
Fig. 9 - FIPOL-A: Thermograms of FIPOL samples. 
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Chemical comparison of the data for the clays 
 
By considering all the data together, the composition of major elements for the raw clays here discussed (Figs. 10-13). 
For minor and trace elements, the data for FIPOL samples are not reported, since for these samples only major elements 
were available. In the correlation diagram Al2O3-SiO2, the majority of raw clays show a SiO2 content included between 
30 and 40 %. The correlation between these two elements is positive and, for some clays (FIPOL), almost linear.  
The Al2O3-MgO diagram shows a positive and almost linear correlation between the two elements, but some 
differences are present. HA clay samples are characterised by a higher MgO content with respect to Al2O3 
concentrations, FIPOL clays by a lower MgO content. All the other clays cluster together in the central part of the trend, 
as in the previous correlation. 
The diagram MgO-CaO shows a negative linear correlation trend, and some slight differences between the clays are 
confirmed. HA and FIPOL samples show a linear correlation trend between these two elements. HA sample always has 
an MgO content higher than the other clays. Further differences are present in carbonates content. HA clays are 
characterised by higher carbonates content, since CaO concentrations are usually higher than 18 %, while in other clays 
(TBPOL, KM, TAJ) CaO is generally lower. FIPOL clays show the most varying CaO content, having both the higher 
and the lower contents. 
The MgO-Fe2O3 correlations evidence that FIPOL clays show the widest spreading of the data with respect to the other 
clays. PPOL and TAJ clays have higher Fe2O3 concentrations than HA clays. KM and TBPOL clays are partially 
overlapped to HA clays, but they generally show higher Fe2O3 contents. 
The correlation diagrams with the other chemical elements analysed by XRF allow to better investigate the composition 
and the differences present between the clays. 
The Al2O3-TiO2 correlation usually shows a well-defined linear and positive correlation trend, but this is not the case 
for several of the clays considered. HA clays seem to have two different correlations and almost parallel trends. On the 
left of the diagram three samples (HA03-04 and -07) form a parallel trend, relatively richer in TiO2 than the other 
group.  
 
0
10
20
30
40
50
60
0 2 4 6 8 10 12 14 16
Al2O3 %
S
iO
2
 %
KM clays
HA clays
TBPOL clays
PPOL_clays
TAJ clays
FIPOL clays
 
0
1
2
3
4
5
6
7
8
9
0 2 4 6 8 10 12 14 16
Al2O3 %
M
g
O
 %
KM clays
HA clays
TBPOL clays
PPOL_clays
TAJ clays
FIPOL clays
 
 
Fig. 10 – Elemental correlation diagrams. 
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Fig. 11 – Elemental correlation diagrams. 
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In the Sr-Ba correlation, TAJ clays seem to be richer in Sr than most of the other clays, since only one KM sample have 
comparable Sr contents. In this diagram, a linear and positive correlation is slightly evident, with the exception of 
TBPOL samples, where no correlation is present. 
In the Ni-Co diagram, at least two distinct parallel trends are present: one is formed by the majority of the KM clays 
(with the exception of KM7-8-9), TAJ clay and three samples of HA clays (HA2-3-4), the other by the others clay 
samples. One sample of PPOL clays shows a high and anomalous Ni content (and High Co), and falls outside the 
aforementioned correlation trends.  
For the La-Ce diagram similar considerations can be made. In addition, KM clays are generally richer in Ce with 
respect to the HA clays. 
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Fig. 12 – Elemental correlation diagrams. 
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Fig. 13 – Elemental correlation diagrams. 
 
 
Conclusion 
 
Archaeometric analyses have been performed on a series of 39 raw clay samples coming from six different quarries 
located in the area included between Persepolis and Pasargadae (Fars, Iran). 
The results indicate that the sampled clays have a rather similar mineralogical and chemical composition with wide 
overlapping of the data, but some differences are also present. 
All clays are generally characterized by very well defined Al2O3-SiO2 and Al2O3-MgO ratio, consistent and with a 
positive trend. Some clay doesn’t always follow a linear and positive interelemental correlation as others do. This is the 
case of KM clays, which doesn't seem to follow this behaviour in the Al2O3-SiO2, Al2O3-TiO2 and Sr-Ba correlation. 
Other correlations allow to distinguish especially KM and HA clays on the base of general parallel and only partially 
overlapped correlation trends. Other differences are present in carbonates content, normally higher in the HA clays with 
respect to the others. 
The iron content allows discriminating between HA clays and the others. In HA clays, iron oxides are always lower 
than 4.5 %, a concentration threshold that can be exceeded by all the other clays. 
FIPOL clays generally show the widest variations in chemical data. In contrast, TBPOL clays are always extremely 
homogeneous, with weak chemical variations for all elements. 
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For PPOL and TAJ raw clays, a reduced number of samples is present, so that a chemical variation is not so evident. 
TAJ samples seem to be slightly different, especially on the base of some trace elements considered (Sr, Ni, Co, Ce, 
La). 
As a whole, a wide homogeneity is present for all the considered clays, this possibly suggesting a common genetic 
origin, at least for some of the sampled clay formations (Polvar alluvial clay). 
Some slight chemical differences are also present and, consequently, a multivariate technique was applied to 
discriminate the clays (or the provenance areas) from each other, and it will be applied to determine the possible 
provenance of artefacts. 
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Archaeometric Investigations on Ceramic Materials from  
Persepolis West 
 
Maria Letizia Amadori, Paolo Pallante, Sara Barcelli and Giuliana Raffaelli 
 
 
Introduction 
 
The excavations of the Iranian-Italian Joint Archaeological Mission, directed by Professor Alireza Askari Chaverdi 
(Shiraz University) and Professor Pierfrancesco Callieri (University of Bologna), following the activities at Tang-e 
Bolaghi and Pasargadae (Askari Chaverdi and Callieri 2006: 23-25; Askari Chaverdi and Callieri 2016), since 2008 
were carried out at the site of Persepolis West, unearthing numerous ceramic materials (Askari Chaverdi and Callieri 
2012: 225-248). 
As a part of the same project, diagnostic researches were carried on ceramic located in the archaeological area (Callieri 
et al. 2009: 133-146; Amadori et al. 2012: 183-207).  Thirteen ceramic fragments were considered in this paper, all 
coming from Trenches Tr. 4 and Tr. 6 of the excavation in Persepolis West (Fars, Iran) (Askari Chaverdi et al. 2006: 
23-25; Callieri and Askari Chaverdi 2012: 225-248; Callieri et al. 2014: 1-11)
2
.  
The aim of the work was to acquire information on the constitutive materials and production technology and to set up a 
first chemical database (Amadori et al. 2016: 1-29) that could represent the starting point for a reliable classification 
method for the Achaemenid ceramics (Fars, Iran) on the basis of their composition.  
The investigations were carried out on representative ceramic materials to identify the chemical, mineralogical and 
petrographic composition and compare the results with raw materials data. The samples were studied by optical 
microscopic (OM), X-ray diffractometer (XRD) and X-ray Fluorescence spectrometer (XRF). 
In order to discriminate ceramic groups, binary correlations were made using ceramic elemental data and clay raw 
material data
3
 (Amadori et al. 2017). 
 
Materials and methods 
 
Thirteen ceramic fragments
4
 have been selected among various archaeological finds. The selected ceramics are: six 
carinated bowls, two double-carinated bowls, two bowls with rims at the top curving inturned and three storage jars 
(Tab. 1). 
 
Tab. 1 – List of ceramic samples coming from Trench Tr. 6 and Trench Tr. 4 in Persepolis West excavation. 
Sample 
code 
Archaeological 
reference 
Type 
 
Phase 
Sample  
code 
Archaeological 
reference 
Type Phase 
P01071 
PW00 
P01071 – IR-
PW-Tr6-030 
Carinated bowl PH. 5* 
P00737 
PW01 
P00737 – IR-
PW-Tr6-036 
Carinated bowl PH. 4* 
  
                                                 
2 - See Vol. 2. 
3 - See 1.1. 
4 - The archaeological study of pottery was carried out by Marco Galuppi and Martina Battisti; see Vol. 2. 
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P00724 
PW02 
P00724 – IR-
PW-Tr6-017 
Storage jar PH. 5* 
P01262 
PW03 
P01262 – IR-
PW-Tr6-024 
Carinated bowl PH. 4* 
  
P00660 
PW04 
P00660 – IR-
PW-Tr6-024 
Double carinated 
bowl 
PH. 4* 
P00392 
PW05 
P00392 – IR-
PW-Tr6-013 
Carinated bowl PH. 4* 
  
P01341 
PW06 
P01341 – IR-
PW-Tr6-019 
Carinated bowl PH. 3* 
P01331 
PW07 
P01331 – IR-
PW-Tr6-027 
Carinated bowl PH. 3* 
  
P00568 
PW08 
P00568 – IR-
PW-Tr6-014 
Double carinated 
bowl 
PH. 3* 
P00628 
PW09 
P00628 – IR-
PW-Tr6-019 
Storage jar PH. 3* 
  
 
* Trench Tr. 6: 
- Phase 5 – Second half of the 6th century B.C. - 5th century B.C. (550-400 B.C.) 
- Phase 4 – 4th century B.C. - First half of the 3rd century B.C. (400-250 B.C.) 
- Phase 3 – 2nd century B.C. - First half of the 1st century B.C. (200-50 B.C.) 
- Phase 2 – Later than the first half of the 1st century B.C. [no C14 dating available for this phase] 
 
** Trench Tr. 4: 
- Phase 3 – 2nd-1st century B.C. (200 B.C.-0) 
- Phase 2 – 1st century A.D. - First half of the 2nd century A.D. (0-150 A.D.) 
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The samples were archaeometrically analysed by using the following analytical techniques: 
- Mineralogical-petrographic study of shreds polished thin sections with transmitted light polarizing microscope Nikon, 
Mod. TK-1270E, equipped with fixed oculars of 10× and objectives with different magnifications (2.5, 5, 10, 20, 50×) 
in order to identify the aplastic components used in fabrics and the production techniques. The investigations were 
carried out by using a BX51 Olympus instrument (inclusive Analysis Software®). Minerals were identified by means of 
their typical birefringence, with supplementary petrographical interpretation. Mineralogical and petrographic study 
allows to characterize the peculiarities of a mixture (quantity of material included, matrix components, porosity, aplastic 
grain size, aplastic roundness degree, mineralogical composition, groundmass characteristics), which are useful to 
implement a typological study and to identify the production and firing techniques.  
- X-Ray diffraction analyses (XRD) on all ceramic powders to evaluate their semi-quantitative mineralogical 
composition, using a Philips PW 3710 diffractometer continuous scanning filter with nickel.  
- Determination of the chemical composition (major, minor and trace elements) through X-ray fluorescence (XRF) 
using Philips PW 1480 spectrometer, equipped with an X-ray tube with Mo cathode on pellets. Sample powders were 
dried at 105°C for at least 1 hour, and a precisely weighed aliquot of sample was ignited at 1000°C to determine loss on 
ignition (LOI). Accuracy was checked through the use of a large number of reference standards.  
 
 
Results 
 
X-ray diffraction analysis (XRD) 
 
Diffractometric analysis carried out on the ceramic samples allowed the identification of the mineralogical phases and 
their semi-quantitative abundance (Tab. 2). 
A large amount of quartz, few illite/mica and plagioclases, traces of hematite, K-feldspars, calcite, pyroxene, maghemite 
and chlorite characterize sample P01071. Sample P00737 is characterized by the presence of quartz, plagioclase and 
pyroxene, other than few traces of K-feldspars, calcite, maghemite, hematite, hercynite and halite. Sample P00724 is 
mainly constituted of quartz, and secondly of plagioclase, hematite, calcite, chlorite, K-feldspars and pyroxene. Sample 
P01262 is mainly constituted of quartz, and secondly of illite/mica, plagioclase, calcite, pyroxene, maghemite, hematite, 
chlorite and K-feldspars. Sample P00660 is mainly constituted of quartz, and secondly of plagioclase, pyroxene, 
maghemite, hematite, chlorite and gehlenite. Sample P00392 is characterized by the presence of quartz and plagioclase 
and secondly of gehlenite, K-feldspars, calcite, pyroxenes, hercynite and hematite. Sample P01341 is characterized by 
the presence of quartz, and a few amount of plagioclase, calcite, pyroxenes, gehlenite, hematite, chlorite and barite. 
Sample P01331 is mainly constituted of quartz, and secondly of plagioclase, hematite, chlorite, halite, calcite, 
pyroxenes, gehlenite, maghemite and K-feldspars. Sample P00568 is mainly constituted of quartz and plagioclase, and 
secondly of calcite, maghemite, pyroxenes, gehlenite, hematite and K-feldspars. Sample P00628 is mainly constituted 
of quartz and plagioclase, and secondly of calcite, maghemite, pyroxenes, gehlenite, hematite, hercynite, halite and K-
feldspars. Sample P02173 is mainly constituted of quartz, and secondly of plagioclase, hematite, hercynite, pyroxenes, 
gehlenite, chlorite, maghemite and halite. Sample P00486 is characterized by the large presence of quartz and calcite, 
and secondly of illite/mica, plagioclase, pyroxenes, maghemite and chlorite. Sample P00425 is characterized by the 
presence of quartz, plagioclase, pyroxenes, gehlenite and a few traces of hematite. Sample P01574 is mainly constituted 
of quartz and calcite, secondly of illite/mica, plagioclase, hematite, pyroxenes, chlorite, maghemite and K-feldspars. 
 
Tab. 2 – Qualitative and semi-quantitative mineralogical composition (XRD). 
Sample Qtz Cal Plag Px Ill/Mic Ge Mg Hm Cl Her Kfs Hl Ba 
Carinated 
bowl 
P01071 xxxxx tr x tr xx  tr ± tr  ±   
Carinated 
bowl 
P00737 xxx ± xxx xxx   tr tr  tr xx tr  
Carinated 
bowl 
P01262 xxx  x tr  tr ± ± x     
Carinated 
bowl 
P00392 xxxx x xx x  ±  ± tr    tr 
Carinated 
bowl 
P01341 xxx tr ± tr  tr tr ± ±  tr ±  
Carinated 
bowl 
P01331 xxxx x xxx ±  ± x ±   ±   
Double 
carinated 
bowl 
P00660 xxx ± xxx ±  x  tr  ± x   
Double 
carinated 
bowl 
P00568 xxx tr x tr  tr  ± tr  tr   
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Storage jar P00628 xxx ± xxx x  x ± x   x ±  
Storage jar P02173 xxxx  x tr  tr tr ± tr ±  tr  
Storage jar P00724 xxxxx tr ± tr x  tr tr tr  tr   
Bowl with 
inturned rim 
P00486 xxxx xxxx tr tr ±  tr  tr     
Bowl with  
inturned rim 
P00425 xxxx  xx xx  xx  ±      
Bowl with 
inturned rim 
P01574 xxxxx xxxxx ± tr ±  tr tr tr  tr   
xxxxx=very abundant; xxxx=abundant; xxx=moderate; xx=low; x=poor; ±=very poor; tr=traces. 
Qtz=Quarts, Cal=Calcite, Plag=Plagioclase, Ill/Mic=Illite/Mica, Hm=Hematite, Kfs=K-feldspars, Hl=Halite, 
Ge=Gehlenite, Mg= Maghemite, Px=pyroxenes, Cl=Chlorite, Her=Hercynite, Ba=barite. 
 
Optical microscopy observations  
The mineralogical-petrographic study allowed to identify some peculiarities in ceramic samples (Whitebread, 1986: 79-
88; Amadori et al. 2016: 1-29) as described in the following paragraphs and shown in the figures
5
.  
 
Sample P01071 (Fig. 1) 
Groundmass looks reddish, anisotropic and inhomogeneous because of the presence of various clayey aggregates with 
various shapes and grain size (maximum 1710 µm). Porosity is moderate, about 10-15%, parallel-oriented to the 
external surface. Pores are filled with secondary calcite. Aplastic abundance is very low, about 5%. The grain size is 
fine or very fine (maximum grain size 120 µm). Roundness degree is variable; it ranges from rounded to angular. 
Skeleton is composed of quartz, iron-rich minerals, plagioclases, K-feldspars and mica.  
  
 
   
P01071, XPL x 50                                                                             P01071, PPL 50x 
   
P01071, XPL 100 x                                                                        P01071, PPL 100 x 
Fig. 1 - Sample P01071. 
                                                 
5 - XPL= cross-polarized light; PPL=  plane-polarized light. 
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Sample P00737 (Fig. 2) 
Groundmass looks isotropic and greyish probably because of reducing atmosphere. It's possible to recognize some 
small clayey aggregates with various shapes and size (maximum 1050 µm). Porosity is low, about 10%, and generally 
oriented to the external surface; some shrinkage fractures and pores are presents. Pores are generally small and filled 
with secondary calcite. Aplastic fraction size is fine or very fine. Maximum grain size is 115 µm, and roundness degree 
is variable from rounded to angular. It was not possible to easily identify aplastic fraction because of the high 
temperatures reached during firing, except for some quartz crystals and various relics probably related to carbonatic 
fragments.  
 
 
 
 
   
P00737, XPL x 50     P00737, PPL 50x 
   
P00737, XPL 100 x     P00737, PPL 100 x 
Fig. 2 - Sample P00737. 
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Sample P00724 (Fig. 3) 
Groundmass looks orange, ranges from isotropic to semi-isotropic, and it is inhomogeneous because of the presence of 
various clayey aggregates. Maximum grain size of clayey aggregates is 1,9 mm. Porosity is medium, about 25-30%, and 
generally caused by numerous shrinkage fractures. 
Aplastic abundance is lower than 5%. Maximum grain size of rock fragments is 650 µm. Roundness degree is variable 
from rounded to angular. Skeleton is composed of very fine aplastic fraction: quartz, iron-rich minerals, mica and 
alterated fragments.  
 
 
 
 
 
   
P00724, XPL x 50     P00724, PPL 50x 
   
P00724, XPL x 50     P00724, PPL 50x 
 
Fig. 3 - Sample P00724. 
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Sample P01262 (Fig. 4) 
Groundmass looks greenish brown, ranges from isotropic to semi-isotropic, and it’s inhomogeneous because of the 
presence of some small clayey aggregates. Maximum grain size of clayey aggregates: 1,48 mm. Porosity is medium, 
about 20%, with round pores. Reaction rims are present around the clasts. 
Aplastic abundance is about 10-15%. Aplastic fraction ranges in grain size, from medium to very fine. Maximum grain 
size of aplastic fraction: 165 µm. Roundness degree is variable from rounded to angular. Skeleton is composed of 
quartz, iron-rich minerals, micas. The high temperatures reached during firing doesn’t allow the identification of the 
other components.  
 
 
 
 
    
P01262, XPL x 50     P01262, PPL 50x 
    
P01262, XPL x 50     P01262, PPL 50x 
Fig. 4 - Sample P01262. 
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Sample P00660 (Fig. 5) 
Groundmass looks reddish towards the outer surface, grey-brown on the inner surface, and it ranges from isotropic to 
semi-isotropic. Some small clayey aggregates are present. Maximum grain size of clayey aggregates is 1,13 mm.  
Porosity is about 25-30%, with round pores (usually filled with secondary calcite). Several shrinkage fractures are 
present.  
Aplastic abundance is around 5%. Skeleton is composed of very fine aplastic fraction (maximum grain size: 85 µm), 
including quartz and mica. Roundness degree is variable from rounded to angular.  
 
 
 
 
 
   
P00660, XPL x 50     P00660, PPL 50x 
   
P00660, XPL x 50     P00660, PPL 50x 
Fig. 5 - Sample P00660. 
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Sample P00392 (Fig. 6) 
Groundmass looks brownish and isotropic. There are some small clayey aggregates having various shapes. Maximum 
grain size of clayey aggregates is 800 mm. Porosity is about 15-20%, with round and stretched pores. A lot of shrinkage 
fractures and reaction rims were observed.  
Aplastic abundance is around 5%. Skeleton is composed of very fine aplastic fraction (maximum aplastic fraction size: 
175 µm). Roundness degree is variable, from rounded to angular. It was possible to identify only quartz crystals.  
A red layer with irregular thickness, probably a coating made of iron oxides, is evident on both the inner and outer 
surface. 
 
 
 
 
    
P00392, XPL x 50     P00392, PPL 50x 
 
     
P00392, XPL x 50     P00392, PPL 50x 
Fig. 6 - Sample P00392. 
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Sample P01341(Fig. 7) 
Groundmass looks reddish, and it ranges from isotropic to semi-isotropic. There are small clayey aggregates with 
different shapes. Clay aggregates maximum grain size is 1,2 mm. Porosity is about 10%, with round and orientated 
pores showing growths of secondary calcite. Several shrinkage fractures are also present. Aplastic abundance is around 
10-15%. Skeleton is composed of very fine aplastic fraction (maximum grain size: 200 µm) with a variable roundness 
degree, from rounded to angular. Quartz, opaque minerals, iron-rich minerals, micas, rock fragments, pyroxenes and 
amphibole are present.  
 
 
 
 
 
 
  
P01341, XPL x 50     P01341, PPL 50x 
    
P01341, XPL 100 x     P01341, PPL 100 x 
Fig. 7 - Sample P01341. 
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Sample P01331 (Fig. 8) 
Groundmass looks brown-reddish, and it’s isotropic. Clayey aggregates with a maximum grain size of 1,2 mm are 
present. Traces of burned vegetal material are present. Porosity is about 30-35%; pores, mostly stretched, are oriented 
and they are filled with secondary calcite; shrinkage fractures are present too. 
Aplastic abundance is about 5%. Aplastic fraction maximum grain size is 155 µm, roundness degree is from sub-
rounded to rounded. Skeleton is moderately classed and it’s composed of quartz, iron oxides, micas, rare dark rock 
fragments.  
 
 
 
 
 
  
P01331, XPL x 50     P01331, PPL 50x 
     
P01331, XPL 100 x     P01331, PPL 100 x 
Fig. 8 - Sample P01331. 
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Sample P00568 (Fig. 9) 
Groundmass looks reddish and isotropic. Clay aggregates with a maximum grain size of 1,2 mm are present. Porosity is 
about 30-35%; pores, mostly stretched, are oriented and they are filled with secondary calcite. Shrinkage fractures are 
present too. Traces of burned vegetal material are present. 
Aplastic abundance is about 10%. Aplastic fraction size is mostly very fine and fine with rare medium inclusions and a 
single large rock fragment (305 µm).  Roundness degree ranges from sub-sounded to rounded. Skeleton is composed of 
quartz, iron oxide, biotite and several dark rock fragments. 
 
 
 
 
 
       
P00568, XPL 100 x     P00568, PPL 100 x 
 
      
P00568, 200x, nicols +.     P00568, 200x, nicols //. 
Fig. 9 - Sample P00568. 
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Sample P00628 (Fig. 10) 
Groundmass looks brown-reddish and isotropic. Several clayey aggregates with a maximum grain size of 2,54 mm are 
present. Pores, mostly stretched, are oriented and filled with secondary calcite. 
Aplastic abundance is about 30-35%. Aplastic fraction maximum grain size is 305 µm. Aplastic size is mostly very fine, 
fine with rare medium inclusions and a single large rock fragment. Roundness degree is variable, ranges from sharp to 
round. Skeleton is well classed and it’s composed of quartz, iron oxide, biotite and several dark clasts. 
 
 
 
 
 
  
P00628, XPL x 50     P00628, PPL 50x 
  
P00628, XPL 100 x     P00628, PPL 100 x 
Fig. 10 - Sample P00628. 
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Sample P02173 (Fig. 11) 
Groundmass looks brown-greyish and it ranges from semi-isotropic to isotropic. Several clayey aggregates with a 
maximum grain size of 2,01 mm are present. Pores are filled with secondary calcite. Reaction rims are also present. 
Aplastic abundance is about 10-15%. Skeleton is well classed and it’s characterized by a fine aplastic size, inclusions 
maximum grain size is 110 µm. Aplastic roundness degree is from angular to rounded. Quartz, iron oxides and micas 
are present as aggregate.  
 
 
 
 
 
    
P02173, 25x, nicols +.     P02173, 25x, nicols //. 
    
P02173, XPL x 50     P02173, PPL 50x 
Fig. 11 - Sample P02173. 
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Sample P00486 (Fig. 12) 
Groundmass looks brown and semi-isotropic. Clayey aggregates with a maximum grain size of 1,98 mm are present. 
Porosity is about 5-10% with low orientation. 
Aplastic abundance is about 5-10%. Skeleton is poor classed and it’s characterized by very heterogeneous aplastic 
fraction. Aplastic maximum grain size is 800 µm. Inclusions roundness degree ranges from sub-angular to rounded. 
Quartz, calcite and pyroxenes are present as aggregate. Several calcium carbonate fragments are very altered because of 
the high firing temperature.  
 
 
 
 
  
P00486, XPL x 50     P00486, PPL 50x 
  
P00486, XPL 100 x     P00486, PPL 100 x 
Fig. 12 - Sample P00486. 
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Sample P00425 (Fig. 13) 
Groundmass looks brown-reddish and isotropic. Clayey aggregates with a maximum grain size of 1,16 mm are present. 
Porosity is about 5-10% and pores are filled with secondary calcite. 
Aplastic abundance is about 10%. Skeleton is well classed and it’s characterized by aplastic size from medium to very 
fine. Inclusions maximum grain size is 160 µm. Aplastic roundness degree ranges from sub-angular to rounded. Quartz, 
micas, stone fragments and pyroxenes are present as aggregate. 
  
 
 
 
 
  
P00425, XPL x 50     P00425, PPL 50x 
  
P00425, XPL 100 x     P00425, PPL 100 x 
Fig. 13 - Sample P00425. 
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Sample P01574 (Fig. 14) 
Groundmass looks light brown-reddish and semi-isotropic. Clayey aggregates with a maximum grain size of 1,67 mm 
are present. Porosity is about 5-10% and pores have secondary calcite. 
Aplastic abundance is about 10%. Skeleton is well classed and it’s characterized by aplastic size from medium to very 
fine; inclusions maximum grain size is 170 µm. Inclusions roundness degree ranges from sub-angular to rounded. 
Quartz, micas, calcite and pyroxenes are present. Calcium carbonate fragments are very altered because of the firing 
temperature.  
 
 
 
 
   
P01574, XPL x 50     P01574, PPL 50x 
   
P01574, XPL 100 x     P01574, PPL 100 x 
Fig. 14 - Sample P01574. 
 
 
 
X-Ray Fluorescence analysis (XRF) 
 
X-ray fluorescence analyses were performed to identify the chemical composition of the ceramic samples (Tabs 3-4). 
In the evaluation of the data, binary correlations were made to verify, in a first instance, if the differences pointed out by 
the mineralogical and petrographic analyses also had a chemical denotation. The obtained results were then compared 
with the data concerning clayey raw materials (see Ch. 1.1) in order to find features related to the different ceramic 
productions and their provenance. 
The considered chemical elements show a wide variation range of concentrations of major, minor and trace elements. 
This variation can be related to different raw materials sources, change of clay sources over time, and/or differentiation 
in pastes due to different ceramic typology and uses. 
A first chemical discrimination between the ceramic samples can be made on the base of the Al2O3 content. Two 
samples (P00425 and P01574: bowls with top curving inturned rims) have an Al2O3 content lower than 17 %, and a 
third sample of the same typology (P00486) has an Al2O3 content of 20.01 %, relatively lower than the other ceramics 
(but comparable with the ones of the next group). A second group (P01071, P00737, P01262, P01341, P00568, 
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carinated bowls and a double carinated bowl) has an Al2O3 contents between 20 % and 22 %. The third group has an 
Al2O3 contents higher than 25 % (P00724, P00660, P00392, P01331, P00628, P02173), and it is composed of 
heterogeneous shapes (carinated bowls, a double carinated bowl and storage jars). 
A further discrimination between the samples can be made on the base of CaO content. Different concentrations with 
the same ratio usually indicate a different content of Ca-based aplastic or a different Ca amount of the raw clays used. 
The XRD analysis results show a high plagioclases content for all the samples, whose high CaO concentrations can be 
related to. 
A series of correlation diagrams have been used to verify if ceramic productions and typology could also be 
systematically linked to chemical characteristics (Figs 15-16). 
In the correlation diagram MgO-CaO (Fig. 15), three positive and parallel correlation trends are present. Three main 
groups according to the CaO contents are present (low-to-medium CaO, medium CaO, high CaO). In the first two 
groups, a wide overlapping between bowls and jars is present, while in the high CaO group; the bowls with inturned 
rims are external from the others 
The division into three groups is confirmed once considering trace elements. In the correlation diagram of the earth 
elements Ce-La (Fig. 216), a linear trend is present, and the bowls with top inturned rims are characterized by lower 
concentrations and, once again, they are well distinguishable from the other ceramic type. This correlation clearly 
shows the group with intermediate concentrations (careened and double careened bowls).  A third group is characterized 
by higher concentrations in Ce (more than 80 ppm) and La (more than 40 ppm), and an overlapping between jars and 
some bowls (P00660, P00392, P01331) is always present. 
As far as the provenance of the raw materials is concerned, a series of binary correlations have been made, by 
comparing the ceramic samples analysed with the clays quarries and outcrops of the area
6
 (Amadori et al. 2017). 
In the two correlation diagrams of Fig. 17 (Al2O3-SiO2) and Fig. 18 (Al2O3-K2O), a well-defined area for the ceramic 
samples is present, but no overlapping with the clay samples exists. 
Probably a different kind of raw material, with a higher Al2O3 content with respect to the considered clays must have 
been used.  
 
 
Tab. 3 - Elementary chemical composition (weight %). 
 P.F. Na2O MgO Al2O3 SiO2 P2O5 K2O CaO TiO2 MnO Fe2O3 
P01071 8,30 0,67 3,56 21,96 50,54 0,39 2,25 4,44 0,99 0,06 6,84 
P00737 0,82 0,60 4,83 20,81 49,52 0,20 1,96 12,60 0,98 0,09 7,60 
P00724 2,76 0,58 2,37 27,32 50,59 0,68 2,89 2,65 1,24 0,08 8,84 
P01262 7,22 0,49 3,15 20,91 50,16 1,20 3,26 5,77 0,96 0,06 6,82 
P00660 1,93 0,39 2,07 27,98 51,05 0,25 2,43 3,61 1,17 0,07 9,05 
P00392 0,96 0,61 2,68 26,26 49,05 0,20 1,92 8,53 1,13 0,07 8,59 
P01341 6,71 0,47 2,87 21,73 47,02 0,93 2,53 9,62 1,03 0,07 7,02 
P01331 3,26 0,30 2,11 26,98 50,57 0,35 2,35 3,89 1,19 0,13 8,87 
P00568 4,85 0,51 3,29 20,94 48,38 0,37 2,56 10,93 0,95 0,09 7,13 
P00628 3,09 0,11 2,24 25,47 46,57 0,67 2,44 8,31 1,29 0,13 9,68 
P02173 1,66 0,27 2,31 26,67 53,36 0,22 2,45 3,04 1,28 0,08 8,66 
P00486 14,66 0,22 1,88 20,01 40,36 0,24 2,35 12,98 0,88 0,05 6,37 
P00425 8,18 0,69 4,39 16,16 44,40 0,39 2,05 16,83 0,74 0,08 6,08 
P01574 16,30 0,71 3,56 14,93 41,57 0,79 2,10 14,21 0,64 0,07 5,13 
 
 
Tab. 4 - Elementary chemical composition (ppm). 
 Ni Co Cr V Ce Nd Ba La Nb Zr Y Sr Rb Pb As Zn Cu 
P01071 96 16 168 175 72 28 895 38 19 244 20 995 67 15 33 119 64 
P00737 106 19 164 151 78 28 274 33 18 213 15 515 101 13 <20 103 <60 
P00724 92 22 224 266 100 38 282 47 24 277 30 445 100 15 41 155 54 
P01262 78 16 175 183 72 26 1060 33 17 235 19 768 74 16 70 116 104 
P00660 99 20 231 203 90 35 217 44 22 257 24 319 97 22 15 151 24 
                                                 
6 - See Ch. 1. 
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P00392 106 26 240 201 86 30 164 41 21 252 23 438 81 14 13 141 15 
P01341 84 19 224 212 78 32 653 37 19 246 24 824 83 13 59 132 54 
P01331 103 25 211 204 93 35 330 47 23 267 27 396 95 22 15 147 47 
P00568 106 23 199 168 70 29 472 36 18 230 22 498 83 50 18 124 53 
P00628 104 23 168 209 97 31 279 42 20 267 24 388 89 22 26 114 34 
P02173 111 28 200 213 86 37 263 44 24 284 28 403 102 13 14 152 26 
P00486 83 16 198 186 61 23 397 28 15 192 18 451 53 17 28 119 29 
P00425 103 22 200 149 58 23 501 30 13 209 19 1161 74 39 25 103 39 
P01574 93 15 150 148 59 30 737 25 12 165 11 1138 66 <10 57 155 <60 
 
 
          
 
Fig. 15 - MgO-CaO correlation diagram.                                            Fig. 16 - Ce-La correlation diagram. 
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Fig. 17 - Al2O3-SiO2 correlation diagram for the ceramic Fig. 18 - Al2O3-K2O correlation diagram for the ceramic 
samples and the raw materials.    samples and the raw materials. 
 
 
Conclusions 
 
The mineralogical-petrographic study permitted to identify some peculiarities of the ceramic body. The bowls present 
different mineralogical-petrographic characteristics, and their groundmasses range from anisotropy to isotropy.  
Porosity ranges from 5 to 35%: the bowls with rim present a variable porosity from 5 to 10%, and most of the careened 
bowls has porosity ranging from 10 to 20%. The double careened bowls (and P01341 bowl) have a higher porosity, 
around 30%. 
Aplastic abundance is quite low for all the bowls (<20%), aplastic fractions size is generally medium-fine (< 200µm), 
except for sample P00486. 
The jars are characterized by a considerable inhomogeneity in the groundmass because of the presence of clayey 
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aggregates.  
Diffractometric analyses of the samples show certain variability in composition and allow to define two groups 
according to the amount of calcite, abundant in group 1 and very poor/absent in group 2. 
The presence of gehlenite and pyroxenes allows to suppose that firing temperatures ranges between 850 and 950°C. 
Furthermore, samples P00392 and P02173 were probably fired in a more reducing atmosphere because of the content 
of hercynite. The halite presence is referred to the soil. 
By considering XRF analyses, three main groups of ceramics can be distinguished based on their Al2O2 content. These 
chemical groupings fit rather well with the mineralogical and petrographic investigation point of view, confirming that 
the differences pointed out among the ceramics also have a chemical meaning.  
To verify if ceramic productions and typology could also be systematically linked to chemical characteristics, a series of 
correlation diagrams have been made. The results indicate that a correlation exists considering some major, minor and 
trace elements, even if some overlapping is present. The comparison between the chemical data of the analysed samples 
and a series of ceramics from the Fars area (Persepolis west, Tang-e Bolaghi and Pasargadae) allowed to confirm this 
correlation. The comparison with the ceramics literature data pointed out that the three bowls with top curving inturned 
rims seem to have a chemical composition (for minor and trace elements) slightly different from other potteries from 
Persepolis West. For these ceramics, a different provenance of the raw materials (clays or more likely tempers) might be 
hypothesized.  
In addition, three bowl samples (P00660, P00392, P01331) have high Al2O3 concentrations, comparable to the jars. This 
behaviour is shown not only for aluminium but also for a series of major, minor and trace elements. For these three 
anomalous ceramics, a texturally different paste but with the main chemical characteristics similar to the one used for 
the jars (i.e. high Al2O3 content) must have been used. 
As far as the provenance of the raw materials is concerned, comparing the ceramic samples analysed with the clays 
quarries and outcrops of the area has made a series of binary correlations. 
As the data for these ceramics and the raw clay samples does not overlap in the correlation diagrams, a different kind of 
raw material, with a higher Al2O3 content, must have been used. So, further survey in the Fars area will be carried out in 
order to find other raw clay deposits to be analysed. 
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Analysis of Some Copper Alloy Artefacts from New Excavations in 
 Parsa (Persepolis) 
 
Mohammadamin Emami 
 
 
Introduction 
 
This chapter concerns five minor fragments of metallic artefacts discovered during recent excavations in the site of 
Persepolis West. The archaeometallurgic invasive analyses and studies of these fragments focused on copper but also 
took in consideration the aspects of alloy characterisation and manufacturing. The microstructure of copper alloy was 
investigated by analytical as well as optical microscopy methods. The chemical composition of samples was 
characterized with scanning electron microscopy coupled to energy dispersive spectroscopy (SEM-EDS). 
According to chemical analyses, the metal fragments are made of low tin copper alloy. Only in two samples, the tin 
content is higher than the others. It is also interesting to consider the low amount of lead in three of the samples. Lead is 
very important because the technology of lead extraction was well known in Persepolis. The microstructures of the 
different samples are dissimilar, varying from casting to hammer work.  
These investigations revealed some new element on the technology of copper and its alloys in the historic period of 
Iran. Furthermore, they allowed proposing an interpretation on long-term corrosion in burial environment. 
As a matter of fact, the history of metals in different parts of Iran has been investigated trough chemical analysis and 
discussed in several excavation reports, with particular reference to copper and copper alloys (Thornton and Ehlers 
2003). Nonetheless, the selective use of different impurities such as Sn or Pb in the smelting and melting is still 
questionable. 
The archaeological excavations that have been carried out around Persepolis revealed several metallurgical remains 
north-west of the Terrace.  
The archaeometallurgical studies in Persepolis date back to 2009, when geo-archaeological studies, with GIS method, 
explored the possible existence of a copper mine in the northern part of Shiraz province (Emami and Yaghmaei 2009).. 
According to these studies, the Jian copper mine was the most accessible for copper raw materials. However, due to the 
insufficiency of related material from this province, an exact interpretation on raw material resources is still lacking. 
Up till 2001, metal object finds consisted only in arrow-heads, which were widespread along the foot of Rahmat 
Mountain, and several iron slags from the northern part of the Persepolis Terrace. During the excavation of 2008 and 
2009 at Persepolis West (see Askari Chaverdi and Callieri 2017), several metallic artefacts came to light, made by 
copper and copper base alloy (Colliva and Matin 2017). These pieces are totally corroded and a fine thin patina of green 
copper carbonate on the surface suggested first that they were made of bronze. Archaeometric studies may provide the 
necessary information about the metallurgical procedure and also long-term corrosion process in the soil. Investigation 
on metallic objects lead to interpretation the samples according to different point of views, namely archaeological and 
metallurgical and also concerned the firing technology from this site (Emami and Trettin 2010). They are thus useful for 
the understanding of the better preserved and inventoried artefacts which could not be sampled. According to the 
metallurgical interest and the authenticity of material, the main questions will focus on what kind of ore has been 
extracted, how and from where. The steps of investigations have followed the scheme present in Diagram 1. 
Study of the corrosion products associated with that of the soil and environment-geological condition can provide 
information about the origin and the environment in which the artefacts were preserved. The microstructure of the 
objects may contain information about the composition of alloys (McNeil and Little 1992). In this case since metallic 
objects showed different ratio of Pb and Sn as admixture into the smelt, corrosion phenomena are of difficult 
interpretation. Many environmental effects actually prepare the process of copper or bronze corrosion but the forming 
of patina on the surface may be defined from the interaction of elements contained in the metal object with moisture 
from outside as well as from the metallurgical effect of minerals from inside (Scott 1990). Microscopic investigations 
illustrate also the distribution of these elements in the texture of metallic objects which can provide information on 
technological aspects. 
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Diagram 1 - Schematic overview on the systematic research authority 
 
 
Samples Description 
 
The samples studied here have been prepared as polished section, which are not etched and used for ore-petrological 
microscopic investigation. The objects studied here are also strongly corroded and the layering effect is clearly visible 
on the surface. Obviously, corrosion product evidenced the typical disease of bronze artefacts with periodically layering 
of malachite, tenorite and cuprite as external layer. In many cases the metallic core of the sample are furthermore 
visible. All of the samples show also defoliation structure parallel to the real surface of the internal metallic core. This 
demonstrated that weathering and corrosion cause expansion effect for corrosion products which comes through as 
layering structure, accordingly. Indeed, extraordinary craftsmanship was applied in this region.  
The manufacturing process covered a wide range of varieties of materials. 
The samples are the remains of local copper production once widespread in all the excavation areas.  
The objects are one nail-head, one plate, one grip and one spits. The objects show characteristical corrosion product. 
The common corrosion products are the generally copper (I) & (II) oxide and copper hydrocarbonate and chloride 
which increase the bronze disease of objects (Fig. 1). 
 
 
    
 
Fig. 1 - Some of the investigated objects which were excavated. 
 
 
 
Results and discussion 
 
Chemical analyses of the samples showed a different amount of Sn, As, Pb and Cu in the samples. In many cases these 
portions of elements cause difficulties in restoration. The low amount of As cause the reddish color of the metallic core. 
As and Pb are the main elements which raise difficulties in the physical cleaning during the restoration. These elements 
are detected by SEM-EDX (point analysis) and also as crystalline phases studied by polarization microscope. Sn 
appeared in different amount and is the main elements in the bronzes but its constituents are very variable. Sn was 
concentrated in all parts of the surface. The so-called “inverse segregation” is not appearing in these samples. The point 
analyses of some samples are mentioned in Tab. 1. 
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Sample Cu Sn Pb Fe 
728 99.77 0.17  0.07 
775 98.92 0.11 0.97  
778 99.95 0.05   
938 93.24 4.94 1.82  
938-2 31.97 1.14 66.90  
749 85.15 14.05 0.80  
 
Tab. 1 - EDX point analysis of the samples structure from Persepolis. 
 
 
Some sulfides remain in the external layer of the metallic core and lead to identify the ore originally used for 
metallurgy. Cuprite and tenorite are detected and well distinguishable according to their optical character (Fig. 2). The 
existence of tenorite on the copper proved the high pureness of used copper in the objects due to stability diagram of log 
Cu 
+2
 – pH (Fig. 3). It proved also the carbonatic milieu of the excavation. Carbonatic milieu will be pointed up by 
recreating the typical Liesgang structure (Fig. 4). Corrosion process occurred as intergranular corrosion which happened 
with the periodical dissolution of Sn that comes throughout of the internal core (Fig. 5). Cu as α – Phase and Sn as δ – 
Phase approach the dendritic structure. No tin sweat effect is observed and lead is in low percentage for getting bronze 
good workability (Fig. 6). 
In the Cu-As rich system composition, it is necessary to have 960°C as smelting temperature at the eutectic point 
(Keesman and Moreno Onorato 1999). In this case the ore which was used for smelting process should have been very 
Cu-rich in composition, namely chalcosite. This point will be shown by the diagram of stability of copper composition 
based on percentage and temperature. Chalcosite is detected microscopically on some copper plates as well as in slags 
which have been found in one of the trenches. Chalcosite in these samples has bright blue colour and high anisotropic 
effect under microscope (Fig. 7). 
Chalcosite seems to be a common copper mineral in the extraction of copper in this region. The enrichment of 
chalcosite is also found in hydrothermal copper orogeny near Persepolis called Jian (Emami and Yaghmai 2009). 
Throughout this metallogenic zone the paragenesis of chalcosite – chalcopyrite outcropped overall. 
The existence of domeykite (Cu3AS) which consists in high amount of As and appeared as pale blue in the metalic core 
is discussable by two theories:  
1. Copper ores contained high As amount and this occurred as domeykite in smelting process (accidental 
metallurgy). 
2. Alloying process; by exactly choosing the As rich ores. 
As a matter of fact the uncommon element that was detected by this research was Lead (Pb). Lead appears near the 
surface as tiny droplet which contains % 66.90 Pb (sample 938). Lead was distributed all around the surface of the 
objects and could be only added through the alloying process as an external additive. Lead helps also the workability of 
the alloy after smelting through shaping or any another mechanical feature. Adding lead to the melt has been done 
selectivity, but when this happened is unknown. On the other hand lead is also soft and causes some trouble in 
mechanical cleaning. 
 
 
 
 
 
 
Fig. 2 - Tenorite with monocline structure and dark 
color encrusted by cuprite in red color in the dark field 
microscopy. PW778-20x-2pol-dark field. 
 
Fig. 3 - Stability diagram of log Cu 
+2
 – pH. It shows 
the purity of copper with respect to encrustation of 
corrosion products. 
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Fig. 4 - Liesgang formation under carbonatic milieu. 
PW769-40x-2pol-dark field. 
 
 
 
 
Fig. 5 - Corrosion effect due to migration of Sn to the 
exterior layer of the copper. PW938-10x-2pol. 
  
 
Fig. 6 - α-Cu and δ-Sn phases as dendritic texture by 
rapidly cooling of the alloy. PW749-10x-2pol. 
 
Fig. 7 - Chalcosite as raw copper sulphide used for 
metallurgical evidences. PW776-10x-2pol. 
 
 
Conclusions 
 
Three groups of metallic artefacts were singled out at Persepolis West. They differ from each other in petrological 
phase composition as well as in chemical composition. 
1 - Samples with high amount of lead; 
2 - Samples without lead;  
3 - Metallurgical remains of hydrothermal ore with respect to common paragenesis of Chalcosite – Covellite  
According to the forming of tenorite and cuprite as the first corrosion layer on the metallic core, the copper used for 
making these objects had to be very pure. Due to the external delamination or layering, detachment process developed, 
which produced laminated oxide encrustation that corresponding to a physical separation into layers on the real surface 
of metallic core. It also occurred in the form of exfoliation that appeared as multiple thin corrosion layers. This effect is 
called Liesgang, and occurs after periodical accumulation of copper oxide and carbonate. Liesgang is also a criterion 
which suggests a carbonatic milieu of the excavation zone.  
The amount of Sn in the samples as the main alloying component seems to have a great chemical variation. Lead was 
added after extraction to the melt for better workability. Due to its high gravity and density, lead concentrated mainly 
around the external surface of the samples. The high amount of lead reveals some problems for conservation, because 
lead oxide discolours the surface. This might be similar to a patina under the corrosion layer and sometimes could be 
interpreted incorrectly as some deposits on the surface. 
The metallurgical process has evidenced copper casting and hammering that comes throughout the twinning structure 
on the texture of metals. According to the increasing of the size of Cu α-phase, casting process seams to be carried out 
in the clayey crucible. 
The origin of copper used in this objects is from the Chalcosite ore that has an outcrop in the Jian copper mine about 
120 km from Persepolis. 
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Provenance Studies on the Bitumen from Tol-e Ajori 
 
Thomas Van de Welde 
 
 
Introduction 
 
During the 2011 excavations at Tol-e Ajori, five bitumen samples were selected for geochemical analyses in order to 
determine their origin. This chapter will outline the analyses and give a detailed report and interpretation of the results. 
Two types of analyses were conducted on the five bitumen samples from Tol-e Ajori; investigation of molecular ratios 
on the Saturated Hydrocarbon fraction obtained through GC-MS analysis, followed by stable carbon isotope analyses 
on the Asphaltene fraction. Both techniques were executed at different laboratories, each requiring its own specific 
sample preparation.  
 
 
The bitumen from Tol-e Ajori 
 
Bitumen was found in large numbers all over the site, especially present in collapse/destruction layers. The usage of 
bitumen on the site seems to have focused mainly as a building mortar for the construction of the monumental building, 
particularly for the courses of glazed bricks. Five bitumen pieces were chosen for sampling and send to Ghent for 
geochemical analyses. Three samples came from destruction layers, one from a course of brick, and one from the inside 
of a jar (see Tab. 1)
7
. 
 
Tab. 1 -  The five bitumen samples used for sourcing. 
Trench SU 
Sample 
number 
Bitumen sample Comments 
1 SU072 0067 1  
1 SU006 0068 2 Bitumen sample from inside of the jar 
2 SU009 0069 3  
2 SU014 0070 4  
1 SU041 0071 5 Mortar of brick course, sampled while 
cleaning 
     
 
 
Sample preparation and analytical techniques 
 
Bitumen was almost never used in its pure form; generally, a mixture was created to enhance its workability and to 
prevent the bitumen from melting when exposed to heat. In general, the ratio of pure bitumen in these mixtures was 
about 20%, the other 80% consisting of an additive of mainly mineral matter (such as sand) and organic elements 
(Connan and Deschesne 1996; Connan and Van de Velde 2010). The first step in sample preparation is to isolate the 
organic matter —thus the actual bitumen— from its matrix. This step is common for both techniques and embodies 
solvent extraction using CH2CL2:Methonal (3:1 ratio). This was either done automatically by using an Accelerated 
Solvent Extractor, or manually by then putting the sample in an ultrasonic bath and centrifugation, followed by the 
recuperation of the liquid fraction.  
                                                 
7 - This is the stratigraphical information: 
SU041: Trench Tr.1, Phase 5 (construction). Glazed brick course belonging to the Block B elevation of the monument, found in situ, 
covered by bitumen mortar. 
SU072: Trench Tr.1, Phase 5 (life). Clayey layer covering the first level at the foot of the structure in the SW external area. 
SU006: Trench Tr.1, Phase 1 (recent episodes). Clayer layer with baked bricks fragments. 
SU014: Trench Tr. 2, Phase 3 (collapse). Layer of brown clay with baked bricks collapse.  
SU009: Trench Tr. 2Phase 2 (late deposits). Layer of collapse including fragments of relief glazed bricks. 
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Column chromatography was used prior to GC-MS analysis to obtain the fraction holding the chemical fingerprints, as 
described by Peters et al. (Peters et al., 2005a). Stable Carbon Isotope Analysis is executed on the Asphaltenes 
fractions, which was isolated from the total organic fraction using hexane precipitation.  
For the GCMS analysis, a Hewlett-Packard 6890-5973 GCMS system equipped with an HP-5MS column (30m x 
0.25mm ID, 0.25µm) was used. Helium was used as a carrier gas, with a gas flow of 1.5 ml/min. One microliter of 
sample dissolved in CH₂Cl₂ was injected (in splitless mode). The oven temperature was increased step-wise from 40°C 
to 250°C at 6°C per minute, and from 250°C to 300°C at 2°C per minute. The temperature was then held at 300°C for 
30 minutes.  
After the GC-MS analysis the chromatograms are retrieved, displaying all the different molecules present in the sample 
and their quantity in the sample. It is especially the Terpane fingerprint (m/z191) that holds the compounds we use for 
fingerprinting bitumen (see Fig. 1). A purely quantitative approach of these molecules is not possible due to the nature 
of the material, which is why molecular ratios are used rather than single molecules. The molecular ratios used in this 
paper can be found in Tab. 2. 
 
 
 
 
Fig. 1 - The Terpane fingerprint of Bitumen Sample 3 (BS3), with the identification of the molecules used for 
fingerprinting. 
 
 
The carbon isotopic composition of the Asphaltene fraction was determined using an elemental analyser (ANCA-SL, 
PDZ Europa, UK), coupled to an isotope ration mass spectroscopy (IRMS) (20-20, SerCon, UK).  The isotopic 
composition of natural samples (i.e. not synthetic isotopic enrichment) is reported relative to an international reference, 
using the so-called ‘δ’ scale and is typically expressed in ‰.  
   
 For C the international reference is Vienna Pee Dee Belimnite (VPDB), which has a carbon isotopic ratio of 0.0111802 
(± 0.0000028). 
For both techniques, several replicate analyses of samples were conducted to cross-check the consistency of the 
measurements. No discrepancies were identified. 
 
 
   
Sample δ
13
C Ts/Tm GCRN/C30 GCRN/31R 
BS1 -28,6 0,21 0,19 0,51 
BS2 -28,41 0,72 0,27 0,45 
BS3 -27,8 0,11 0,19 0,59 
BS4 -28,85 0,08 0,19 0,57 
BS5 -28,63 0,12 0,19 0,6 
     
Tab. 2 - The samples and their main parameters used for sourcing. 
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References used 
 
Prior to this research, no bitumen from Achaemenid contexts was ever published, but it was suspected that the bitumen 
used at Tol-e Ajori came from south-western Iran, an area holding a lot of seepages from which plenty of reference 
material is published. Analyses of δ13C also limited the potential seepages from which this bitumen may have come 
from. Numerous settlements have been supplied by one or more seepages in southwestern Iran, and bitumen from 
several of them have been published in great detail and create excellent references for this research. The bitumen used 
as reference in this work came from Abu Chizan (Connan et al. 2008), Tall-e Geser (Connan et al. 2014), Umm an-
Namel (Connan and Carter 2007) and Ali Kosh, Chageh Sefid and Tepe Tula’i (Gregg et al. 2007).  
Besides Tol-e Ajori, Sadd-e Shahidabad is the only site from which bitumen has been studied in detail with sourcing the 
material as the primary aim. Shahidabad is located in the north of Fars province of Iran and has been identified as a dam 
and water-related control structure, erected during the Early Achaemenid period (corresponding to the reigns of Cyrus, 
Cambyses and Darius) (Asadi et al. 2009, 2010; De Schacht et al. 2009). Bitumen was attested all over in the joints of 
the limestone construction blocks to waterproof the entire structure. Two bitumen samples from this site have been 
analysed in Ghent and in this report will refer to them as well. 
 
 
The origin of bitumen from Tol-e Ajori 
 
None of the five samples show any traces of 18α(H)-oleanane, a chemical compound occurring mainly in Late 
Cretaceous or younger source rock; in the geographical area here at hand, it specifically comes from the Padbeh source 
rock formation (Peters et al. 2005b: 572; Connan 2012: 117). When using this molecule, the ratio 18α(H)-oleanane / 
17α,21β-hopane (C30αβ-Hopane) is used. Fig. 2 shows the known Iranian bitumen seepages and their oleanane/ C30 
ratios.  
 
 
 
 
Fig. 2 - Map showing the Iranian seepages and their oleanane/ C30 ratio (modified after Connan 2012). 
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Other determining molecular ratios for fingerprinting archaeological bitumen are 18α-22,29,30-trisnorneohopane to 
17α-22,29,30-trisnorhopane (Ts/Tm), Gammacerane to 17α,21β-hopane (GCRN/ C30αβ-Hopane), and Gammacerane  to 
C3122R hopane (GCRN/31R). 
Fig. 3 shows the plotted Ts/Tm to GCRN/C30 ratios, and it can be seen that four of the samples show a strong similarity 
to the Hit bitumen (Iraq) from Umm an-Namel (Kuwait), and the bitumen excavated at Tall-e Geser from the Sultan 
seepage (Iran, Luristan province). All other bitumens from Iranian sites and seepages tend to have higher Ts/Tm- and 
lower GCRN/C30 ratios, and show an obvious presence of 18α(H)-oleanane (see Fig. 4). The molecular ratios and the 
measured δ13C of the Tol-e Ajori samples are also similar to those from measurements performed on a bitumen samples 
from Sadd-e Shahidabad, and bitumen from both sites seems to have come from the same seepage. There is, however, 
one obvious outlier in this dataset (Bitumen Sample 2, also marked differently in the legends of the scatter plots), which 
doesn’t seem to have a relation with any other sample. Based upon measurements on five samples, Tol-e Ajori seems to 
be supplied by bitumen from at least two different seepages.  
 
 
 
 
 
Fig. 3 - Ts/Tm to Gammacerane/C30αβ-Hopane scatter plot. The samples from Tall-e Geser are here relabeled as their 
source origins respectively (Ain Gir/Chersh Merghir, Mamatain, and Sultan). 
 
 
 
A scatter plot of measured δ13C values to the Ts/Tm ratio can be seen in Fig. 4 and shows additional info to the previous 
scatter plot. The Iranian bitumen seepages with their δ13C values are shown in Fig. 5. Three of the bitumen samples 
have a δ13C value remarkably lower than any other bitumen from the archaeological sites (or even from any natural 
seepage for that matter, see Fig. 5). Statistical analyses conducted on the dataset (hierarchical clustering and k-means 
clustering) does not favour a direct correlation of the Tol-e Ajori samples with either the Hit-bitumen from Umm an-
Namel or the archaeological samples coming from the Sultan seepage. It is, therefore, most likely that the bitumen used 
here come from another, yet unidentified seepage. One should always bear in mind that archaeological bitumen to oil 
seep correlation are limited by the set of references for which geochemical data is available (Connan 2011), and that 
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seepages active in Antiquity are not necessarily still providing resources. Unfortunately, there is no detailed information 
available on (active) seepages in the Persepolis-area in Antiquity, and a systematic survey of the area for this sole 
purpose is yet to be achieved. That is more than likely also the reason why there are absolutely no reference samples 
with the same molecular ratios as sample BS2, the only exception being one of the two archaeological samples from 
Sadd-e Shahidabad. Quite remarkably, this sample from Shahidabad also shows a clear presence of oleanane, which is 
not the case for sample BS2 from Tol-e Ajori. Either this sample from Shahidabad is coming from yet another source 
with very similar molecular ratios as BS2 from Tol-e Ajori, or bitumen from another seepage —with oleanane 
present— was added to the bitumen mixture used at Shahidabad.  
 
 
 
 
 
Fig. 4 - Scatter plot of δ13C (expressed in ‰) to Ts/Tm. Besides the obvious outlier BS2, it also appears that the other 
samples fall without the range of most other samples as well. 
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Fig. 5 - Iranian bitumen seepages and their corresponding δ13C values (modified after Connan 2012). 
 
 
Conclusions 
 
No positive match was found for the bitumen used at Tol-e Ajori with either the reference seepages or any sourced 
bitumen from any other archaeological site. One should bear in mind though that reference data on all the active 
bitumen seepages in Antiquity are not available.  However, the analyses conducted on the bitumen samples from Tol-e 
Ajori did point out that the site was supplied with bitumen from at least two different seepages, and that both the 
molecular ratios and the δ13C values are in accordance with bitumen retrieved from the contemporary site of Sadd-e 
Shahidabad. The main usage of bitumen both at Tol-e Ajori and Sadd-e Shahidabad was as a constructing material; 
either as a mortar or as a seam seal in joints. Both applications require large quantities of bitumen and therefore a steady 
flow of natural resources. In such case, a local source without the need of transport over large distance would be best 
suited. That would also explain why the bitumen does not match with any of the seepages on and around the Deh Luran 
and Susiana plain, or with those from the famous bitumen sources at Hit in present-day Iraq, which are all located at a 
substantial distance from both Tol-e Ajori and Sadd-e Shahidabad. 
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Portable XRF Survey on Glazed Bricks 
 
Marisa Laurenzi Tabasso and Stefano Ridolfi 
 
 
Introduction 
 
The 2013 mission (6th-12th November 2013) was aimed to study the finishing technique of the stone on the Persepolis 
Terrace through X-ray Fluorescence with portable equipment (see Vol. 1, Ch. 3.3). Besides the measures on stone 
surfaces, some further measures were carried out on a large number of glazed bricks; some of these bricks come from 
the excavations on the Persepolis Terrace and are conserved in the Persepolis Museum Deposit, and the rest comes from 
the 2013 excavation conducted by the Iranian-Italian Joint Archaeological Mission in Fars at Tol-e Ajori. In the case of 
bricks, the spots to be analysed were previously observed by a portable optical microscope.  
 
 
 
Experimental results 
 
The XRF data, expressed as Number of Counts for a fixed time, are given for each sample, with the photo of the same 
sample; the arrow indicates the area of measure. 
The XRF measures on bricks were carried out at High Energy, in order to detect elements with Atomic Number ≥ of 20 
(corresponding to Calcium).  
 
 
 
 
 
Persepolis Museum 
Deposit 
Brick No. 3440 Sample no. 48  
 Fig. 1 
Brick No. 
3440 
Ca Mn Fe Cu Zn Rb Sr Zr As Sb Pb Hg 
White 11  21    108   3146 63  
Yellow       10   441 1757  
Green   16 328   42   933 3517  
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Persepolis Museum 
Deposit 
Unnumbered Brick Sample no. 49  
 Fig. 2 
   Ca Mn Fe Cu Zn Rb Sr Zr As Sb Pb Hg 
Yellow            312 1932  
Green     22 413 16  41   539 2331  
Brown   62  88 208   128   383   
 
 
Persepolis Museum 
Deposit 
Brick no. 467 Sample no. 50  
 Fig. 3 
   Ca Mn Fe Cu Zn Rb Sr Zr As Sb Pb Hg 
White   45  33    67   1117 19  
Brown   116  145 59   199    20  
 
 
Persepolis 
Museum Deposit 
Brick no. 3441 Sample no. 51  
 Fig. 4 
Brick 3441 Ca Mn Fe Cu Zn Rb Sr Zr As Sb Pb Hg 
White 15      48   422 18  
Brown  
(or  green?) 
20  23 181   27   276 1029  
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Tol-e Ajori SU604 Sample no. 604/1 
 
 
 Fig. 5 
Brick 604/1 Ca Mn Fe Cu Zn Rb Sr Zr As Sb Pb Hg 
White colour 
with glaze 
35  2873 632 47 53 432 207   71  
 
 
Tol-e Ajori SU608 Sample no. 608/3 
 
 
 Fig. 6 
Brick 608/3 Ca Mn Fe Cu Zn Rb Sr Zr As Sb Pb Hg 
White colour 
with glaze 
  719 1068 31 9 121 47  478 46  
White colour 16  396 249   104 28   23  
Green 
particle 
  325 752 22  69   879 22  
 
 
Tol-e Ajori SU608 Sample no. 608/4 
 
 
 Fig. 7 
Brick Ca Mn Fe Cu Zn Rb Sr Zr As Sb Pb Hg 
Brown zone 
with glaze 
  404 124 14  181   167 20  
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Tol-e Ajori SU702 Sample no. 702/5 
 
 
 Fig. 8 
 Ca Mn Fe Cu Zn Rb Sr Zr As Sb Pb Hg 
Yellow colour 
with glaze 
24 355     21   1102 5222  
 
 
Tol-e Ajori SU604 Sample no. 604/6 
Yellow zone of a symbol 
without glaze 
 Fig. 9 
 Ca Mn Fe Cu Zn Rb Sr Zr As Sb Pb Hg 
White- Inscription 25  525 101 15 17 218 67   21  
 
 
Tol-e Ajori 
SU608 
 
Sample no. 608/7 
 
White 
Yellow 
 Fig. 10 
Brick 608/7 Ca Mn Fe Cu Zn Rb Sr Zr As Sb Pb Hg 
White   140    174   3807 99  
Yellow   135       504 2637  
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Tol-e Ajori SU702/8 Sample no. 702/8 
Yellow with green glaze 
(?) 
 Fig. 11 
 Ca Mn Fe Cu Zn Rb Sr Zr As Sb Pb Hg 
Yellow 45  783 13 13  357   224 1889  
Green 34  516 103 12  201    21  
 
 
Tol-e Ajori SU702 Sample no. 702/9 
White/greenish colour 
without glaze 
 Fig. 12 
Brick 702/9 Ca Mn Fe Cu Zn Rb Sr Zr As Sb Pb Hg 
White/greenish 
colour without 
glaze 
15  680 228 14  141   50  15 
 
 
 
The experimental results on bricks are summarized in Tab.1, grouped by type of observed colour. In this way it is easier 
to assess the elements and chemical products responsible for each given colour.  
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Tab. 1 - Elements detected (number of counts) grouped or the different surface colours of bricks. 
 
Colour  Sample Ca Mn Fe Cu Zn Rb Sr Zr As Sb Pb 
P
b
/
S
b 
White 
Brick no. 
3440 / 48 11   21       108     3146 63  
 
Brick  no. 467 
/ 50 45   33       67     1117 19   
 
Brick  no. 
3441 / 51 15           48     422 18   
With glaze 
Brick no. 
604/1 35   2873 632 47 53 432 207     71   
With glaze 
Brick no. 
608/3     719 1068 31 9 121 47   478 46   
Without 
glaze  16   396 249     104 28     23   
Inscription 
Brick no. 
604/6 25   525 101 15 17 218 67     21   
 
Brick no. 
608/7-1     140       174     3807 99   
White/green
ish colour 
without 
glaze 
Brick no. 
702/9-1 15   680 228 14   141     50    
              
Green 
Brick no. 
3440/48     16 328     42     933 3517  3.8 
 
Unnumbered 
Brick / 49     22 413 16   41     539 2331  4.2 
Green 
particle 
Brick no. 
608/3     325 752 22   69     879 22   
 
Brick no. 
702/8 - 2 34   516 103 12   201       21   
              
Yellow 
Brick no.  
3440 / 48             10     441 1757  4 
 
Unnumbered 
Brick / 49                   312 1932  6.2 
With glaze 
Brick no. 
702/5 24 355         21     1102 5222  4.7 
 
Brick no. 
608/7-2     135             504 2637  5.2 
With glaze 
Brick no. 
702/8 – 1 45   783 13 13   357     224 1889  8.4 
              
Brown 
Unnumbered 
Brick / 49 62   88 208     128     383     
 
Brick  no. 467 
/ 50 116   145 59     199       20  
Brown or 
green??? 
Brick  no. 
3441 / 51 20   23 181     27     276 1029   
With glaze 
Brick no. 
608/4     404 124 14   181     167 20   
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Discussion of the results 
 
From the results reported in Tab. 1, it is hard to individuate any systematic difference in elemental composition between 
bricks with glaze and bricks without glaze. In the absence of information on the stratigraphy of the bricks, it is also very 
hard to guess the role of the different elements in producing the observed colours (whether they are used as pigments 
applied before firing the unglazed bricks or as a colouring element in the glassy surface of the glazed bricks). 
Antimony (Sb) is the element most frequently present. Its major role is to make a surface white and, in glazed brick, to 
obtain an opaque glaze. Indeed, the highest Sb concentration was found in white surfaces: the white colour could be due 
to Antimony Oxide or to Calcium Antimoniate. However, there are also cases in this group where Sb could not be 
detected and, probably, the white colour is due to Calcium Carbonate. 
Lead (Pb) as well is present in almost all the measured points. The highest concentration was found in all the yellow 
surfaces and two (out of four) green surfaces. The rate Pb/Sb ranges between 4 and 8, in both glazed and unglazed 
bricks. The yellow colour is supposed to be due to Lead Antimoniate. 
In the case of green colours, as expected, Copper (Cu) is always present as the majority of its minerals are green.  In 
two samples, the rate Pb/Sb is similar to that found on yellow surfaces: in these samples probably the final colour is due 
to a mixture of Lead Antimoniate (yellow) and Copper compound (green).  Similar, or even higher, amounts of Copper 
were also measured in five white samples, which also present considerable amounts of Iron. 
The results obtained on brown samples are even more difficult to interpret: Iron and Copper are present in discrete 
amounts as well as Antimony; a rather high amount of lead was detected in a single sample. It seems that the brown 
colour could be the resulting effect of Iron and Copper and, in one case, Lead. 
Finally, it is worth noting the presence of Strontium (Sr) in almost all the samples. Its correlation with Calcium is highly 
probable.  
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Micro-invasive Investigations on Bricks and Glazed Bricks  
from Tol-e Ajori  
 
Maria Letizia Amadori, Mohammadamin Emami, Paolo Pallante and Paola Fermo 
 
 
1 - Introduction 
 
The excavations of the Iranian-Italian Joint Archaeological Mission, directed by Professor Alireza Askari Chaverdi 
(Shiraz University) and Professor Pierfrancesco Callieri (University of Bologna) have interested the area of Bagh-e 
Firuzi, located 3.5 km west of the Achaemenid Terrace of Persepolis, including the small tepe of Tol-e Ajori.  
The archaeological excavations at Tol-e Ajori (Fars, Iran) were carried out starting in 2011
8
 and a monumental structure 
(Figs. 1 and 2, Annex 1) came to light (Askari Chaverdi et al. 2013). The wall structure is built in mud-bricks and baked 
bricks. In the outer face of the walls and in the collapse layers, decorative materials were found including glazed bricks 
showing parts of decorative and figurative motifs, plain or in relief. These bricks are very similar to the bricks from 
Babylon’s Ishtar Gate, although the colours are paler without the typical blue background of this gate.  
A series of integrated analyses were carried out on selected samples from glazed and not glazed bricks to investigate the 
composition and structure of the bricks and the glazes, and to determine the firing temperature. A further goal of the 
present study was to compare the bricks composition with local raw clays to determine a possible provenance 
9
 
(Amadori et al. 2017). 
Micro-invasive analytical techniques (Optical Microscopy, SEM/ESEM-EDX, FT-IR/ATR, STA, TGA and Micro-
Raman) were carried out in order to obtain a broader range of integrated results.  
In Tol-e Ajori glazes common opacifiers and colouring agents were found: calcium antimonate responsible for white 
colour, lead antimonate and iron oxides for both yellow and orange, copper carbonate responsible for green colour and 
copper, cobalt and iron oxides responsible for the blue colour. A further goal of the present study was to verify if the 
production of polychrome glazed bricks followed the techniques of Babylonian and Elamite traditions. Based on these 
researches, Tol-e Ajori glazes composition was compared with that of polychrome glazes from Susa and Babylonia.  
 
 
2 - Materials and methods 
 
Thirty-two samples were selected for mineralogical- chemical investigations between many bricks excavated in Tol-e 
Ajori. The bricks were divided in two different groups with respect to the glaze layer on their surface and classified as 
glazed bricks and non-glazed bricks, sometimes moulded (Fig. 3, Annex 1). 
The samples are described in Tab. 1 (Annex 1), according to their archaeological contexts and their macroscopic 
characteristics. The brick body is mostly light orange, beige and pale red in colour. The textures are mostly 
homogeneous and sometimes with black core. The pore size in the bricks estimated macroscopically is about 1-3 mm. 
On the surface of non-glazed bricks bituminous residual sometimes is still visible.   
The thickness of the glaze layer ranges from 2 to 4 mm. Glaze layer is sometimes in a good conservation state but often 
a clear displacement is detectable between the glaze and clay body. The glaze shows a higher weathering degree than 
the core of the bricks. In the surface of some samples new salt crystallization was observed. This is due to the cycles of 
water absorption and dehydration in a burial environment and also to the size and distribution of pores in the clay body 
(Cultrone et al. 2004). 
The samples have been studied by the following micro-invasive analytical techniques: 
- Crystalline phase composition was determined by X-ray diffraction (XRD) on powder samples using a Philips PW 
3710 diffractometer continuous scanning filter with nickel. Furthermore, equipment from X'Pert Pro PANalytical was 
used. The mineral phases were quantified using a Rietveld based quantification routine with the X'Pert HighScore 
Plus® software from PANalytical, and crystal pattern were chosen based on the base of ICDD powder diffraction file 
from the FindIt® program. A number of corrections of various parameters were implemented, such as geometry of 
                                                 
8 - After the two seasons dedicated to research in the site of Persepolis West in 2008 and 2009, the investigations of the Iranian-
Italian Joint Archaeological Mission in Fars in 2011 were extended westward to the area of Bagh-e Firuzi, where the first season of 
activity was dedicated to the sites of Firuzi 5 and of Tol-e Ajori, both sites known through previous surface surveys and geophysical 
surveys carried out by the Iranian-French Joint Archaeological Mission. Excavations began in 2011 and continued at Tol-e Ajori 
until 2017 (Askari Chaverdi et al. 2014). 
9 - See Ch. 1. 
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crystal, preferred orientation, asymmetry, crystallographic axes and scale factor. The analysis was carried out with the 
following conditions: emission radiation CuK, voltage 40 kV, intensity 40 mA, goniometer speed 0.1 2h/s. 
- TG analyses were carried out on brick samples by a Perkin-Elmer Instrument model TGA7. The analyses were 
conducted in the range 30° - 800° C, increasing the temperature with a rate of 20° C/minute, using about 2.5 mg of 
sample for each analysis. 
- Simultaneous thermoanalysis carried out with STA instrument from NETZSCH. STA 449C Jupiter, includes Proteus 
Analysis Software Version 4.8, for the determination of the firing temperature as well as phase decomposition during 
the firing process. Thermo analytical investigations are useful to understand the firing processes both of the glaze and 
the body. The glaze layer as mentioned above sometimes consists of a very thin layer and in this instance; it was not 
possible to have representative samples for STA. To understand the kind of glaze and its firing temperature the best 
suitable sample was the sample G3. For the investigation of the firing temperature the very thin layer of the glaze on the 
sample G3 was removed from the body and analysed with STA by using 350 mg of samples. 
- The infrared spectra were collected with a spectrophotometer Nicolet 380 (Thermo Electron Corporation) equipped 
with ATR accessory Smart Orbit and interfaced with a microscope FT-IR Nicolet Centaurus. The ATR accessory is 
equipped with a diamond crystal. FT-IR spectra were acquired in the range 400-4000 cm
-1
. Bricks series TOL 0270-
0276 bodies and their glazes were studied by using infrared spectroscopy FT-IR/ATR. 
- X-ray fluorescence analysis has been carried out on pressed samples with a Philips instrument model PW1480 with 
Sc-Mo-anode X-ray tube, analysing crystals with two detectors, collimators (140, 300 and 700 micron) and brass filter 
in order to get the bulk chemical composition. Major, minor and trace element concentrations were determined on 
pressed-powder samples. All chemical data have been processed and recalculated by considering also the Loss on 
Ignition (LOI) and the P in the global composition of the samples (Tab. 5).  
- Polarization microscopy was carried out on the thin sections of bricks with a BX51 Olympus instrument polarized 
light.  Mineralogical characterizations as well as surface modifications were interpreted by means of the AnalySIS five 
pictures Software© (Olympus Corporation, USA). The minerals were identified by means of their typical birefringence, 
with supplementary petrographic investigations using the Multiple Image Alignment (MIA) technique. 
Dark and bright field observations were performed with fixed oculars of 10× and objectives with different 
magnifications (5, 10, 20, 50 and 100×) on polished thin-sections. Cross-section photomicrographs were also recorded 
with an Olympus DP70 digital scanner camera directly connected to the microscope. 
- The samples were analysed by SEM-EDX (scanning electron microscopy coupled with energy dispersive X-ray 
analysis) to obtain information on the chemical composition.  The analyses have been acquired on thin and cross 
sections prepared starting from the glazed bricks. The instrument used were: 1) a Hitachi TM1000 equipped with an 
energy dispersive X-ray Spectrometer (Oxford Instruments SwiftED); 2) Environmental scanning electron microscope 
(Philips Quanta FEI 200) equipped with an energy dispersive X-ray spectrometer (EDX) by Link Analytical Oxford 
(Link, UK), model 6103; 3) ESEM FEI Quanta 250 FEG with Apollo XL30 EDX, equipped with an energy dispersive 
spectrometer working at 20 kV.  The elemental composition was carried out at acceleration voltage 30 kV, lifetime 40 
seconds and working distance 30 mm. Samples were examined in low vacuum using both secondary and backscattered 
electrons; chamber pressure was set at 23 Pa. A series of analyses have been made on thin, cross-sections and on 
fragments. The investigations have been focused on the stratigraphy and on the composition of the different layers of 
the glaze and bricks. 
- Micro-Raman spectra were recorded
10
 with a Labram instrument from the Jobin Yvon-Horiba, equipped with a red 
633 nm laser, a Peltier-cooled (-70°C), CCD detector with 1024 x 256 pixels, spectral resolution 1 cm
-1
 and spatial 
resolution by 1 μm. According to the intrinsic intensity of the recorded spectrum, the scanning time varied from 5 to 20 
s, and the number of scans from 5 to 20 s with the laser power (5 mW) attenuated to about 1/10. Olympus long-distance 
objectives with 50 and 100 enlargements were used. Raman analyses were performed on some of the cross sections as 
well as on non-embedded micro-fragments of the same samples.   
 
 
3 - Results and discussion 
 
3.1 Brick body 
 
X-ray diffraction analyses 
The main major phases are quartz, calcite, augite, gehlenite and plagioclases (anorthite and albite), followed by 
goethite, hematite, maghemite, illite/mica, chlorite, hercynite, halite and analcime (Tab. 2, Fig. 4, Annex 1). 
Many of these phases originated from the raw materials e.g. quartz and calcite have been observed by their best-
preferred orientation, at 2Ɵ=26.65º for quartz and 2Ɵ=29.42º for calcite. Augite (2Ɵ=29.81º), anorthite (2Ɵ=28 .02º) 
and gehlenite (2Ɵ=31.42º) are the high temperature phases present in the body, formed throughout the firing process 
(Cultrone at al. 2001; Emami and Trettin 2012). Gehlenite formed at T > 900°C, and it is present in most of TAJ brick 
samples. This mineral can occur in two varieties: the first via decarbonization process and re-crystallization by means of 
                                                 
10 - We thank prof. Pietro Baraldi, University of Modena and Reggio Emila, for Raman analyses. 
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increasing CaO amount in high temperature reaction (Emami and Trettin 2010), or by using coarse grain calcareous 
materials via firing process (Heimann and Maggetti 1981). The grain size of the raw mix is a considerable factor for the 
presence of the high temperature phases (Noll 1991). According to this case, gehlenite was not formed in a well-grained 
material, and therefore has a sharp peak above the background in the diffractograms. The fractionation of quartz 
crystals is also responsible for gehlenite formation. Anorthite is formed by prolonged high firing temperature via 
gehlenite decomposition. On the other hand fine grained raw mix can hence the crystallization of anorthite in low 
temperature (Heimann and Maggetti 1981; Rathossi and Pontikes 2010a).  
The minor phases contain mostly microcline (2Ɵ=27.50º), hematite (2Ɵ=33.15º), albite (2Ɵ=28.03º), muscovite 
(2Ɵ=26.66º) and chlorite, which originated from the clay raw materials. Analcime has been calculated only in one of 
the glaze bricks and can be occur as a low temperature-weathering product of Na-plagioclase (albite) in sedimentary 
deposits, mainly after burial (Emami and Trettin 2010). Muscovite (sericite) has been calculated as a major or minor 
phase constituents in the brick body. The shortages of illite (sometimes found in traces) confirm that the temperatures 
could have reached about 900°C. At this temperature illite completely dehydrates, with the subsequent collapse of its 
crystalline structure, generating water vapour.  
High amounts of calcite are present and it could be referred to secondary calcite (5% maximum) both to primarily 
calcite originally present in clay raw material. The high temperature reached during firing probably interested only the 
external part of the bricks and the glazes.  
As regards the firing atmosphere, some information can be gathered from clay body’s colour, very light, almost pink. 
This colour is typically found in brick materials that have been fired in oxidant atmospheres, in presence of an excess of 
calcium. Calcium carbonate is a source of Ca
2+
 ions that, in oxidative conditions, favours the iron oxides disintegration.  
 
TGA Analyses 
Analyses were carried out between 30°C and 800°C, increasing temperature with a speed of 20°C/minute, using about 
2.5 mg of samples for each analysis. TAJ samples from 0270 to 0276 (bricks’ bodies) were analysed (Tab. 3, Fig. 5, 
Annex 1). In TAJ sample series there is a certain variation in sample’s weight, in the whole temperature range that goes 
from 10% to 16%. This is due to the presence of water and to carbonate decomposition and organic material (Fig. 8, 
Annex 1). The presence and the amount of absorbed water can be obtained by the thermograms of Fig. 5 (Annex 1). 
Absorption water evaporates in the range of 30-200°C, generally whit mass decreasing of 2 percentage points. 
Sample TAJ 0270 is characterized by a high percentage of residual water and organic material, about 5,5%. In each 
sample there are minerals, which contain hydroxyl groups that are eliminated from crystalline structure between 400 
and 600°C. In the thermograms, due to the reaction of calcium carbonate, an average sample’s weight decrease of about 
7.1 (± 0.7) % is present. Calcium carbonate decomposed in the temperature range of 630-700°C (Tab. 3, Annex 1) and 
it is associated with carbon dioxide percentage. The results reported in Tab. 3 (Annex 1) indicate that the average 
calcium carbonate content in the analysed samples is about 16 %. TAJ 0270 and TAJ 0275 samples are lower in 
calcium carbonates whereas the TAJ 0271 sample is richest in it. Therefore, clay material used in the making of bricks 
was mostly rich in calcite, excellent flux to reduce melting temperature.  
 
Simultaneous Thermal Analyses  
Twelve brick samples have been selected for themoanalytical approach to get a better estimation of their firing 
temperature. Based on the thermodynamic analysis different endo- and exo thermal reactions have been interpreted 
(Fig. 6, Annex 1). In STA diagram the whole reaction has been divided in fourth parts: i) dehydration and 
dehydroxilation; ii) carbonatization; iii) re-crystallization; iv) sintering. 
The shifting of the curves is due to the carbonatization reaction, which took place in different kiln atmosphere (Cultrone 
at al. 2004).  
According to the STA diagram, a small exothermic peak is present at relatively low temperature for only one sample 
(G8: 769.1 and 805°C), between 830-835°C for four samples (G1, G4, G7, G9) and higher (865-880°C) for the other 
samples (G2, G3, G5, G6) (Figure 6, Annex 1). This can indicate that the firing temperatures were at least the ones 
indicated by these peaks, and the variability present suggests that probably more than one firing temperature was 
present in the manufacturing. The presence of different manufacturing temperatures is also indicated by the analyses in 
thin section (and XRD analyses), where some samples still show the presence of primary calcite while others show an 
evident sintering. This can also be due to different positions of the bricks inside the kilns during the firing processes, but 
the differences are quite high, suggesting that in Tol-e Ajori area the manufacturing process used in the time lapse 
considered was not so constant. 
 
 
FT-IR ATR analyses  
IR spectra in ATR mode were recorded within a range from 4000 cm
-1
 to 500 cm
-1
 on brick’s samples TAJ 0270-0276.  
The analyses allowed the identification of two different phases: quartz (at about 1000-1050 cm-1) and calcite (at about 
1440 cm-1). In Tab. 4 (Annex 1) the higher absorption peaks and the related wave numbers are shown. In Fig. 7 (Annex 
1) the related spectra for the analysed samples are visible. 
In each sample, an amount of absorbed water was found. Calcite was identified in each sample, except for some weak 
peaks in TAJ 0273 and TAJ 0270 samples.  
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X-Ray Fluorescence Analyses 
X-ray fluorescence chemical analyses carried out on the body of 10 brick samples allowed to determine the 
concentration of major elements and minor elements (Tabs. 5 and 6). SiO2 values ranges from 33,12 to 48,22%, CaO 
values ranges from 14,22 to 22,70%, Al2O3 from 9,14 to 13,60%, MgO varies between 4,57 and 9,44%, Fe2O3 ranges 
from 3,74 to 6.38%, Na2O varies between 0,46 and 2,32%, K2O ranges from 0,91 to 1,75%, TiO2 varies between 0,44 
and 0,68, MnO ranges from 0,07 to 0,12%.  
Bulk chemical composition of the investigated samples indicates a very high carbonate content in the matrix with 
respect to the Rankin diagram in system CaO+MgO – Al2O3 – SiO2 (Fig. 8) (Emami et al. 2008; Mysen et al 1985).  
In this ternary phase diagram, according to the high calcium carbonate content (and related CaO %) of the bricks, the 
samples are present in the area below the diopside-anorthite line and most of them below the Wollastonite-Gehlenite 
line. 
From the chemical point of view, according with the three most abundant oxides: SiO2, Al2O3 and CaO, two main 
groups of brick bodies seem to be present: the firs one is the most numerous, and is characterised by higher CaO 
contents and lesser SiO2 and Al2O3 concentrations; the second, with only four samples (TAJ1, TAJ10, G1, N4), shows 
lower CaO and higher Al2O3 and SiO2 content. This can be due to a different raw material used.  
In this regards, XRF analysis of clay raw samples, coming from local quarries and outcrops from the same area 
(preliminary data work in progress), shows a high CaO amount comparable with CaO content of first group of brick’s 
samples. The presence of calcite in the brick’s bodies is also testified by XRD analysis results (Tab. 2, Annex 1). 
Nevertheless, the high firing temperature and the presence of secondary calcite, attested by thin section observation, 
allow to hypothesize that only a part of this high CaO concentration could be primary (mostly from the original calcite 
and the new formation gehlenite), in association with a fraction of secondary calcite, as previously reported. 
The general contents of SiO2 and Al2O3 are non-particularly high, and according to the group considered, anyhow it 
suggests the use of a carbonate clay raw material for the brick bodies.  
Fe2O3 variation depends on the raw clay material. Chlorite, illite and muscovite are the main Fe bearing minerals from 
the raw mix, but it presence also depends on the variable amounts of pyroxenes. Since the temperatures were not high 
enough to form this mineral during the firing, pyroxenes must be primary except in two cases (TAJ2 and TAJ10) in 
which it has a secondary origin due to the higher temperature reached during firing. Iron oxides are also present as 
impurities (XRD analyses, Tab. 2, Annex 1). MgO contents are quite high and rather variable. Comparable amounts of 
MgO are present also in the clays from the same area (see before), but the highest concentrations have to be related to 
impurities, intentional or primary in the raw material. 
The K2O content is quite constant in both the two groups and it shows a good direct correlation with CaO content 
(inverse correlation with SiO2 and Al2O3). When carbonate content increases, this behaviour could indicate that raw 
clay materials used have a high content in potassium silicates (mainly illite and k-feldspars) probably linked to the 
original sedimentary conditions. 
Na2O concentrations are relatively wider with respect to the other oxides, and generally they have an inverse correlation 
trend compared to K2O contents.  
The chromofore minor elements (TiO2 and MnO) are quite constant, and show a slight increment in the group with a 
minor content of carbonate, probably because of an increase in the debris fraction. P2O5 shows a slight direct correlation 
with TiO2, indicating that these two elements have a main detrital affinity. 
Further considerations on the brick and the comparison with raw clay materials will be after discussed. 
 
Optical microscope investigation 
The petrological observation of brick samples indicates that they are porous materials and mostly with a calcareous 
texture. Polymineral aggregates in a calcareous structure with coalesce pores are typical characteristics of these 
materials due to their high firing temperature. This structure is due to a series of different factors related both to the clay 
raw materials used (clays), to the technical procedure such as grain size and distributions of aplastic and/or temper and 
to kiln typology (Cultrone et al. 2004). The effects of the heating and firing on the structure of the bricks can be visible 
mainly in the shape of the porosity (Benavente et al. 2006). Indeed, all these parameters, reported above, have a great 
influence on the bricks micro- and macro structure. 
The principal mineralogical constituents of the samples (Annex 1) are quartz, plagioclases and muscovite. The matrix of 
the samples is reddish in colour due to the high amount of iron in the matrix. Quartz and plagioclase always have clear 
edges. The skeleton angularity suggests that some crushed aggregate could have been used (Fig. 9A, Annex 1). 
Plagioclases are mainly represented by albite and generally show a zoning effect in the structure with respect to the 
radioactive trace elements within their crystal lattice, as well as their volume expansion (Fig. 9B, Annex 1) (Emami et 
al. 2009). Due to the weathering processes, the external part of the plagioclases tends to decompose to sericite. 
Calcium oxide (CaO) is mainly decomposed to calcium hydroxide after the hydration process in humid environment. 
This can be observed in thin section by the presence of very fine grain calcium hydroxide particles showing iron rich 
rims around the core (Fig. 9C, Annex 1).  
The calcium oxide present in the matrix of the bricks, derived from the decomposition of calcite during the firing 
process with temperatures higher than 750°C, reacts successively with water (humidity, rain, etc.) and form portlandite 
(Ca(OH)2 calcium hydroxide) by means of a hydration reaction (Knoefel and Böttger 1985).  
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Biotite shows a well visible basal cleavage on (001) surface (Fig. 9D, Annex 1). The colour of biotite in polarized light 
is not red or orange-red as usual. This occurrence would happen if the temperature reaction increase above 900ºC. 
Biotite is a thermo barometer mineral and according to its colour it's possible to estimate the firing temperature. In some 
cases the presence of reddish coloured flints in the matrix of the bricks suggests that their color could be due to 
oxidizing atmosphere during the firing process (Fig. 9E, Annex 1). Within the texture of some samples residual flint 
was also observed. This could be primary, originally present in the clay raw materials or been added. Flint particles 
reveal red discolorations and sometimes they appear calcined, indicating that the brick was heated between 800-830°C. 
Red clay-rich particle observed in thin section may represent ARF (argillaceous rock fragments) based on the 
characterization of such phases after Whitbread (Whitbread 1986; Amadori et al. 2016) (Fig. 9F, Annex 1). They have 
definite boundaries and internal polygonal fracture.  
As concerning TAJ2 sample (Fig. 10, Annex 1), groundmass is brown, from anisotropic to semi-isotropic; rounded clay 
aggregates are present. Porosity is about 15-20%, with no evident orientation, secondary calcite and shrinkage fractures 
are present. Skeleton is mainly made of quartz, iron-rich minerals, rock fragments. Aplastic abundance is low (5-10%). 
Skeleton is composed mainly by medium to very small grain size fractions, and only few coarse inclusions are present. 
The maximum grain size of aplastic is 560 µm (rock fragment) but generally this fraction is smaller than 250 µm. The 
roundness degree of aplastic ranges from rounded to angular.  
In TAJ3 sample (Fig. 11, Annex 1), groundmass is reddish and weakly isotropic. Porosity, partially due to the material 
decomposed during firing, is between 5 and 10% and pores are partly filled with secondary material. Skeleton, mildly 
sorted, is made of quartz, opaque minerals, hematite, micas and few rock fragments. The inclusions, ranging from 
rounded to angular, have a maximum grain size of is 145 µm. Aplastic abundance is low, between 5 and 10%.  
In TAJ4 sample (Fig. 13, Annex 1) groundmass is hazel-coloured and semi-isotropic. There are several little clay 
aggregates. Porosity is about 10% and pores are mainly rounded. Quartz, iron-rich minerals and micas mainly compose 
the skeleton that is mildly sorted. Aplastic abundance is about 5-10%. Maximum grain size of the aplastic fraction is 
300 µm; only few inclusions are coarser than 130 µm, while thin and very thin grain size fractions are prevalent. 
In TAJ5 sample (Fig. 14, Annex 1) groundmass looks reddish and hazel-coloured, from isotropic to semi-isotropic. 
Clay aggregates with various shapes and dimensions are present. Porosity is around 5% and pores have different sizes. 
Skeleton in well sorted and it’s mainly composed of quartz and iron-rich minerals. Aplastic abundance is about 5-10%. 
Aplastic maximum grain size is 80 µm, with roundness degree ranging from rounded to angular.   
In TAJ6 sample (Fig. 15, Annex 1) groundmass looks reddish, from isotropic to partly semi-isotropic. Several clay 
aggregates with various shapes and grain size are present. Porosity is high, around 35%, pores are filled with new 
formation material and sometimes they have reaction rims. Traces left by vegetal of material decomposed during firing, 
showing a clear orientation, are present. Skeleton is composed of quartz, very dark calcite, opaque minerals, hematite, 
feldspars, mica, rare rock fragments and pyroxene. Aplastic abundance is around 5-10%. The maximum grain size of 
clasts is 210 µm. Skeleton, mildly sorted, is formed by rounded to angular grains.  
In TAJ7 sample (Fig. 16, Annex 1) groundmass looks weakly reddish and isotropic. Several clay aggregates and 
stretched orientated pores, parallel to the outer surface, and often filled with secondary calcite are present. Porosity is 
around 25%.  Skeleton, wells sorted, is mainly composed of quartz and iron-rich minerals. Aplastic abundance is about 
10%.  The maximum grain size of aplastic fraction is 210 µm with a roundness degree ranging from rounded to angular.  
In TAJ8 sample groundmass (Fig. 17, Annex 1) looks reddish and anisotropic. Several clay aggregates are present. 
Porosity is high, around 20%, pores are mainly stretched and probably they are related to some material decomposed 
during firing. Skeleton is mainly composed of quartz, very dark calcite, pyroxenes, plagioclase, rock fragments and 
iron-rich minerals. Aplastic abundance is around 20-25%.  Aplastic maximum grain size is 210 µm with a roundness 
degree ranging from rounded to angular.  
In TAJ9 sample groundmass (Fig. 18, Annex 1) is isotropic. Porosity is around 15-20%. Aplastic fraction is composed 
of quartz, opaque minerals, very dark calcite, pyroxenes, rare rock fragments and micas. Aplastic abundance is around 
5% and the grain size fractions ranges from medium to very fine, with a maximum of 400 µm. The roundness degree of 
the inclusions ranging from rounded to angular. 
In TAJ 10 sample (Fig. 19) groundmass looks greenish and isotropic. Several rounded pores, often filled with 
neoformation materials are present.  Porosity is high, around 30-35%. Skeleton is mainly composed of opaque minerals 
and iron oxides. Aplastic abundance is around 20%.  
 
Environmental Scanning Electron Microscope/Scanning Electron Microscope observations and EDX analyses 
The samples were investigated by means of scanning electron microscopy. These investigations were carried out in 
order to clarify firstly, the morphology and structure of body and glaze. 
EDX analyses on brick bodies show a chemical composition based on Si, Ca, Al, Mg, Fe, K, Na and Ti referring to a 
rich-carbonate mixture according with XRF analyses results.  
Bricks samples (TAJ 2-3-4-5-7) were investigated and the results show Ca-rich clay bodies (Annex, Figs. 20-23). In the 
sample TAJ4 (Fig. 24) the semi quantitative composition is the following: Si (36.07-46.74%), Ca (24.81-36,79%), Fe 
(6.63-8.52%), Al (6.07-10.86%), K (2.0-3.66%), Na (1.35-3.43%), Ti (0.83- 0.42%), Pb (0.36-0.97%), P (0.30%), Cl 
(0.30-0.55%). Lead presence is due to the contamination of glaze. 
Calcium carbonate crystals fill the pores (Figs. 25 and 26). 
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Micro-Raman Spectroscopy  
The micro Raman analysis of sample TAJ1 shows the presence of Mn2O3. In sample TAJ6 calcite, silicate and hematite 
were detected. In sample TAJ10 the presence of hematite, magnetite, Mn2O3 and trace of gypsum were revealed. 
 
 
3.2 - Brick’s glazes 
 
Simultaneous Thermal Analyses  
Simultaneous thermal analyses have been carried out on the sample 0077. With respect to this method the results are 
qualitatively interpreted in order to confirm the glazes firing temperature. The STA diagram, which is illustrated in 
bottom (Fig. 27), explains about the temperature interval of the body in contrast to glaze.  
The green line in this diagram is the temperature behaviour of the body and the blue line confirms the temperature 
behaviour of the glaze on this sample as above mentioned. 
 
FT-IR ATR analyses  
IR spectra in ATR mode were recorded within a range from 4000 cm
-1
 to 500 cm
-1
 on the glaze samples TAJ 0270, 
0271, 0272, 0273, 0274, 0275, and 0276.  The spectra show the presence of quartz or alumina-silicates, difficult to be 
distinguished from each other.  In Tab. 7 (Annex 1), higher peaks’ wave numbers from the samples series are shown. In 
Fig. 30 (Annex 1) related samples’ spectra are shown. It is worth noting that for samples TAJ 0270, 0272, 0273 and 
0275 a peak at about 1420-40 cm
-1 
is present and it is due to the new formation calcite because of the burial of the 
samples. 
 
Optical investigations and SEM-ESEM/EDX analyses  
Thin and cross sections were investigated using optical microscope and SEM/ESEM scanning electron microscopy and 
EDX microanalysis (Annex 1) to focus on morphology, thickness, composition, and degradation of glazes.  
According to these analyses, the samples showed a very typical sandwich structure (Fig. 28, Annex 1) (Kristály et al. 
2012): three different layers (i.e. bricks, an intermediate layer and glaze) are visible, with the following characteristics: 
a) Bricks have calcareous texture and uninform porosity. 
b) Variable interface/under layer between brick body and glazes. 
c) Glazed layer, with a high porosity due to the temperature reaction during the firing and vitrification process.  
Generally, the interface shows a higher content of Si and Al together with Na, Mg, Fe, (P, K, Cl), Ca without 
chromophore components. Further analyses will carry out on this interface /under layer. 
The glaze layer has sometimes a very fine and smooth structure. Often the glazed surface is affected by alteration 
process and shows a very tiny crystallization due to the salt recrystallization via burial or based on the environmental 
ion exchange (Maniatis and Tite 1981).  
In the TAJ2 sample (Fig. 29) a green glazed layer, with maximum thickness of 1500 µm was applied. The glaze 
contains Si, Al, Mg, K and Na. Ca, Cr, Fe, Ti, and Cu were also detected. Cr appears to be linked with Fe (Si-Cr-Fe rich 
particles). Several degassing bubbles are present within coating. The interface has a maximum thickness of 30 µm. It is 
based of Si, Al, Na, K, Ca, Fe, Mg, Cl and Ti.  
In TAJ3 sample (Fig. 30), the white/yellow glaze is discontinuous and has a maximum thickness of 840 µm. In glaze 
opaque material inclusions and rounded pores mostly filled with secondary material are present. Si, Al, Mg, Na and K 
compose glaze, that has maximum thickness of 700 µm. Ca, Sb, Fe, Ti, Pb were also detected. Sb presence sometimes 
is related with Pb and Ca (referable respectively to Pb antimoniate and Ca antimoniate). The interface is composed of 
Si, Al, Ca, Mg, Fe, Na and K and it is characterized by an isotropic mass with a maximum thickness of 30 µm. 
TAJ4 sample (Fig. 31) is a yellow glaze with rounded pores of variable size, sometimes totally filled with neoformation 
material. Glaze, which maximum thickness is 310 µm, is composed of Si, Mg, Al, Na and K. Pb, Sb, Ca and Fe were 
also detected. Orange areas are rich in Fe, Pb, Sb, Si, Al and Mg. In glazes inner part Sb and Pb rich particles are 
present (Pb antimoniate).  
TAJ5 sample (Fig. 32) is bluish glaze and it has irregular thickness because of the presence of few rounded pores and 
reddish-brown inclusions. Glaze maximum thickness is 750µm; it’s composed of Si, Mg, Al, K, Na and Ti. Fe, Ca, Co 
and Cu were detected as chromophores referable to Fe-rich cobalt colourant. 
TAJ7 sample (Fig. 33) has a bluish glaze, with maximum thickness of 1500 µm, made of Si, Mg, Al e K. Pb, Sb, Ca, 
Fe, Co and Cu were also detected. The glaze has uniform thickness, with rounded pores related to degassing bubbles of 
various sizes. Inside the bubbles new formation material composed of Si, Ca, Mg, Fe, Al, Ti, Na and S is present.  
In TAJ10 sample (Fig. 34) a glaze, with maximum thickness of 500 µm is present. It has uniform thickness, with a lot 
of rounded pores due to degassing bubbles of various sizes. The pores are partially filled with new formation material.  
In sample TAJ 0270 (Fig. 35) glaze has variable thickness that reaches a maximum of 1600 µm. Glaze has dark-blue 
areas, as already seen in cross section. It appears polychrome with a clear separation between the two colours (blue and 
yellowish). The main element in glaze is Si, followed by Ca, Na and Mg. Microanalysis show the presence of Cl, Co, 
Sb and Pb. Cobalt, always linked to high amounts of Fe, is responsible for blue colour.  
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In this glaze, it was possible to carry out some panoramic SEM-EDS analyses, both focused on pigmented area and on 
the white colour area. In the blue area a fair amount of Na, which was not found in the white part of the glazes, is 
present.  
In sample TAJ 0271 (Fig. 36), glazed coating maximum thickness is about 1220 µm. Observation on the glaze cross-
section shows a very pale grey-blue colour on the outer glaze surface. Glaze is mainly made of Si, Ca, K, Al and Mg. 
Microanalysis shows traces of Fe, S, Cl, Ti, Co, Cu, Mn, Sb and Pb. Cu and Co are the main chromophores of glaze. 
Those elements revealed that probably the original decoration had to be deep blue.  
In sample TAJ 0272 (Fig. 37) glaze thickness is about 2 mm, and is polychrome. Yellow-orange hue is dominating on 
the glaze and little blue dots are present, which could be a part of a larger area. Several bubbles with variable sizes are 
in the outer surface. Glaze decoration is mainly made of Si followed by Ca, Mg, Fe and Al. In EDS microanalysis it’s 
possible to note moderate amounts of Pb, Sb, P, Cl, Co, Fe, As, S, Cu. Traces of P, Cl, and As were found too.  
In the orange area a higher amount of lead and antimony with trace of arsenic were detected. Co and Cu are the 
chromophore elements responsible for the blue area in the yellow glaze. In this sample, as in TAJ 0270, the separation 
between glaze’s pigmented area and the interface is well defined.  
In sample TAJ 0273 (Fig. 38) the pale blue glaze is mainly made of Si and low percentage of K, Mg and Al. The 
chromophore elements are Cu and Co. High amounts of Fe were detected too in the glaze. The thickness of the glaze 
reaches 1800 µm. The separation line between brick body and glaze is well defined. Glaze is slightly porous. 
Furthermore, some other elements such as Na, Zn are present too. Ca and Sb are also present.  
In sample TAJ 0274 (Fig. 39) pale blue glaze, which has a thickness of 1770 µm, is quite regular. Analytical results 
indicate that glaze coating is mainly made of Si, Ca, Mg and Al. Compared to other samples a Mg enrichment was 
detected in the glaze. EDX analysis revealed the presence of Fe, Na, Cl, Ti, Co, Cu and Sb. Cu and Co are the 
responsible elements for light blue colour. Ca and Sb are related to Ca antimoniate. 
In the pale blue glaze TAJ 0275 (Fig. 40) the thickness of the glaze is 1100 µm. Glaze is made of Si and few amount of 
Mg, K, Na and Al. Co, Fe, Ca, Sb, Sr and Ti were detected. Ba was revealed only in this sample, which is always 
associated to a little amount of sulphur. The most common natural source of Ba and S - known in ancient times too - is 
barite (BaSO4). Barite was found in pottery from the Persepolis area too (see 1.2). This element with significant 
amounts of Ca, could also be indicative of the presence of celestina (SrSO4), even if not exclusively.  
In sample TAJ 0276 (Fig. 41) the glaze is deeply pink-orange coloured, whose thickness is not over 1300 µm. Glaze 
coating is mainly made of Si, Pb, Ca, Fe, K, Al, Mg and Na. There are many particles of Pb, sometimes together with 
Sb (Pb antimoniate).  
Samples G1 and G2 have been analysed in order to get the chemical composition of the yellow colour and proved an 
enrichement in Pb, Sb (Pb antimoniate) and Fe, which are responsible for yellow colour (Figs. 42-44). The main 
composition of interface is based on Si with Pb, Fe, Al, Ca, Mg, V, Na, K, P and Cl (Fig. 45). In the interface a crystals 
growing was observed. The glaze is interested by a high porosity (Fig. 46). New formed calcium carbonate crystals are 
sometimes present in the pores (Figs 47 and 48). 
 
 
Conclusions 
 
A wide homogeneity is present for all the considered bricks: Ca-rich clays with quartz-rich temper were used, this 
possibly suggesting a common origin. Firing temperatures interval is estimated around 850-900 °C. A multivariate data 
treatment (PCA analysis) was applied to the XRF data set acquired for the clays and the artefacts. PCA confirms that 
local clays could be the source raw materials for the bricks of Tol-e Ajori and more than one clay deposit was probably 
used (Amadori et al. 2017).  
The glazes mainly contain: Si, Al, Ca, Mg and a few amount of K and Na. Due to significant leaching most of the 
alkalis (Na2O, K2O) were probably removed from the silicate and were substituted by water.  
Different colouring agents and opacifiers have been employed in the glazes to obtain the different hues: calcium 
antimonate responsible for white colour, lead antimonate and iron oxides for both yellow and orange, copper carbonate 
responsible for green colour and copper, cobalt and iron oxides responsible for the blue colour.  
The obtained results perfectly agree with literature that deals with glaze coating from the Achaemenian and Neo-
babylonian period that indicates the presence of Cu and Co in light blue glaze (Fitz, 1982; Knoefel 1985; Freestone 
1991; Razmjou 2004; Khamseh 2011; Holakooei 2013; Kaniuth 2013; Holakooei 2014; Holakooei et al. 2016).  
 
 
 
References 
 
Ahmadi, M., (2010) Technical studies and conservation of glazed bricks of Tepe Rabat (Sardasht), Art University of 
Isfahan, Isfahan, Master of Arts thesis (in Farsi). 
Amadori, M.L., Del Vais, C., Fermo, P. and Pallante, P. (2016) Archaeometric Researches on the Provenance of 
Mediterranean Archaic Phoenician and Punic Pottery. Environmental Science and Pollution Research, 2016, 1-
29. 
M.L. Amadori, M. Emami, P. Pallante and P. Fermo 
66 
Amadori M.L., Pallante P., Fermo P., Emami M.A., Askari Chaverdi A., Callieri P. and Matin E. (2017) Advances in 
Achaemenid Brick Manfacturing Technology: Evidence from the Monumental Gate at Tol-e Ajori (Fars, Iran). 
Applied Clay Science Journal, Elsevier, in press. 
Askari Chaverdi, A., Callieri P., Matin, E. and Basello, G.P. (2014) Tol-e Ajori: a Monumental Gate of the Early 
Achaemenian period in the Persepolis Area. The 2014 excavation season of the Iranian-Italian project ‘From 
Palace to Town’. Archäologische Mitteilungen aus Iran und Turan 46, pp. 223-254. 
Callieri, P., Askari Chaverdi, A., Amadori, M.L., Barcelli, S., Gondet, S. and Matin E. (2014) Ciro il Grande a 
Persepoli. Archeologia Viva, pp. 1-11. 
Benavente, D., Linares-Fernandez, L., Cultrone, G. and Sebastian, E. (2006) Influence of microstructure on the 
resistance to salt crystallisation damage in brick. Materials and structures 39(1), pp. 105-113. 
Caubet, A. and Kaczmarczyk, A. (1998) Les briques glaçurées du palais de Darius. Techne 7, pp. 23-26. 
Cultrone, G., Rodriguez-Navarro, C., Sebastian, E., Cazalla, O. and De La Torre, M.J. (2001) Carbonate and silicate 
phase reactions during ceramic firing. European Journal of Mineralogy,13(3), pp. 621-634. 
Cultrone, G., Sebastián, E., Elert, K., De la Torre, M.J., Cazalla, O. and Rodriguez–Navarro, C. (2004) Influence of 
mineralogy and firing temperature on the porosity of bricks. Journal of the European Ceramic Society 24(3), pp. 
547-564. 
Emami, M., and Trettin, R. (2012) Mineralogical and chemical investigations on the ceramic technology in Čoġā Zanbil 
(Iran, 1250 BC). Periodico di Mineralogia,81(3), pp. 359-377, doi: 10.2451/2012PM0021. 
Emami, S.M., and Trettin, R. (2010) Phase Generating Processes in Ancient Ceramic Matrices through Microstructure 
Investigation with High Resolution Microscopy Methods. Journal of Advanced Microscopy Research 5(3), pp. 
181-189. 
 Emami, S.M.A., Kowald, T. and Trettin, R. (2009) Mineralogical and Chemical Investigation on the Recrystallization 
Process During Sintering in Phase-Interface Areas in Ancient Ceramic Matrices. Materials and Manufacturing 
Processes 24(9), pp. 934-941. 
Emami, S.M.A., Volkmar, J. and Trettin, R. (2008) Quantitative characterisation of damage mechanisms in ancient 
ceramics by quantitative X-ray powder diffraction, polarisation microscopy, confocal laser scanning microscopy 
and non-contact mode atomic force microscopy. Surface Engineering 24(2), pp. 129-137. 
Fitz, S.C. (1982) The coloured glazes of neo-Babylonian wall facings. Ceramic Forum International: Berichte der 
Deutschen Keramischen Gesellschaft 59, pp. 179-185. 
Freestone, I.C. (1991) Technical examination of neo-Assyrian glazed wall-paintings. Iraq 53, pp. 55-58.    
Heimann, R.B. and Maggetti, M. (1981) Experiments on simulated burial of calcareous Terra Sigillata (mineralogical 
change). Preliminary results. Scientific studies in ancient ceramics, British Museum research laboratory, pp. 163-
177. 
Holakooei, P. (2013) A multi-spectroscopic approach to the characterization of early glaze opacifiers: Studies on an 
Achaemenid glazed brick found at Susa, south-western Iran (mid-first millennium BC). Spectrochimica Acta 
116, pp. 49-56. 
Holakooei, P. (2014) A technological study of Elamite polycrome glazed bricks at Susa, south-western Iran. 
Archaeometry 56 (5),  pp. 764-783. 
Holakooei, P., Achmadi, M., Volpe, L. and Vaccaro, C., (2016) Early opacifiers in the glaze industry of first 
millennium BC Persia: Persepolis and Tepe Raba.  Archaeometry, 59 (2), pp. 239-254. 
Kaniuth, K. (2013) Spätbabylonische Glasurziegelreliefs aus Borsippa. Mitteilungen der Deutschen Orientgesellschaft, 
145, pp. 53–82.  
Khamseh, H., Asghar Mirfattah, A. and Shabani, R. (2011) The Role of Metal Oxides in Manufacturing the Glazed. 
Middle-East Journal of Scientific Research 9(4) pp. 531-534. 
Knoefel, D., and Böttger, K. (1985) Zum Einfluss SO2-reicher Atmosphaere auf Zementmoertel. Bautenschutz + 
Bausanierung 1, pp. 1-5.  
Kristály, F., Kelemen, É., Rózsa, P., Nyilas, I., and Papp, I. (2012) Mineralogical Investigations of Medieval Brick 
Samples from Békés County (SE Hungary). Archaeometry 54(2), pp. 250-266.  
Maniatis, Y., and Tite, M. (1981) Technological examination of Neolithic-Bronze Age pottery from central and 
southeast Europe and from the Near East. Journal of Archaeological Science 8(1), pp. 59-76.  
Mysen, B.O., Virgo, D., Neumann, E.-R. and Seifert, F. A. (1985) Redox equilibria and the structural states of ferric 
and ferrous iron in melts in the system CaO-MgO-Al 2 O 3-SiO 2-Fe-O; relationships between redox equilibria, 
melt structure and liquidus phase equilibria. American Mineralogist 70(3-4), pp. 317-331. 
Rathossi, C., and Pontikes, Y. (2010a) Effect of firing temperature and atmosphere on ceramics made of NW 
Peloponnese clay sediments: Part I: Reaction paths, crystalline phases, microstructure and colour. Journal of the 
European Ceramic Society 30(9), pp. 1841-1851. 
Razmjou, S. (2004) Glazed Bricks in the Achaemenid Period. Persien. Antike Pracht, eds T. Stoellner, R. Slotta and R. 
Vatandoust, Deutsches Bergbau-Museum, pp. 382-393. 
 
Micro-invasive Investigations on Bricks and Glazed Bricks from Tol-e Ajori 
67 
 
 
Annex 1 
 
 
 
 
 
Fig. 1 - Aerial view of the investigated sites (after Gondet, Lyon University, 2-2011). 
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Fig. 2 - Facing in glazed bricks in Trench Tr. 1. 
 
 
 
 
 
Fig. 3 - Brick fragments with glazed relief decoration from Tol-e Ajori. 
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Tab. 1 - Investigated brick samples from Tol-e Ajori (Fars, Iran): glazed and non-glazed bricks. 
 
 
 
 
 
Sample 
Archaeological 
index 
Macroscopic features Sample 
Archaeological 
index 
Macroscopic features 
TAJ1 
IR-TAJ-
SAMP0059 
High temperature brick 
fragments 
TAJ2 
IR-TAJ-
SAMP0060 
Dark yellow glaze 
  
TAJ3 
IR-TAJ-
SAMP0061 
Pale yellow glaze TAJ4 
IR-TAJ-
SAMP0062 
Pale yellow glaze 
  
TAJ5 
IR-TAJ-
SAMP0063 
Pale blue glaze TAJ6 
IR-TAJ-
SAMP0064 
Brick fragment 
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Sample 
Archaeological 
index 
Macroscopic features Sample 
Archaeological 
index 
Macroscopic features 
TAJ7 
IR-TAJ-
SAMP0065 
Pale blue glaze and 
orange 
TAJ8 
IR-TAJ-
SAMP0066 
Brick fragment with red 
traces 
  
TAJ9 
IR-TAJ-
SAMP0058 
Brick fragment TAJ10 
IR-TAJ-
SAMP0046 
High temperature brick 
fragments 
  
TAJ270 
IR-TAJ-
SAMP-0270 
Yellow and blue glaze TAJ271 
IR-TAJ-
SAMP-0271 
Pale blue glaze 
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Sample 
Archaeological 
index 
Macroscopic features Sample 
Archaeological 
index 
Macroscopic features 
TAJ272 
IR-TAJ-SAMP-
0272 
White and blue glaze TAJ273 
IR-TAJ-SAMP-
0273 
White and yellow glaze 
  
TAJ274 
IR-TAJ-SAMP-
0274 
Yellow glaze with light 
blue stripes 
TAJ275 
IR-TAJ-SAMP-
0275 
Yellow-orange glaze 
  
TAJ0276 
IR-TAJ-SAMP-
0276 
White and orange glaze G1 
IR-TAJ-SAMP-
0059 
Orange; homogeneous 
texture; pores of 3–4 mm 
maximum, no sign of chaff 
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Sample 
Archaeological 
index 
Macroscopic features Sample 
Archaeological 
index 
Macroscopic features 
G2 
IR-TAJ-SAMP-
0062 
Beige; homogeneous 
texture, no sign of chaff, no 
porosity 
G3 
IR-TAJ-SAMP-
0077 
Pale red; homogeneous 
texture, no chaff, not 
porous 
  
G4 
IR-TAJ-SAMP-
0278 
Orange; homogeneous 
texture; pores of 3–4 mm 
maximum, with sign of 
chaff 
G5 
IR-TAJ-SAMP-
0279 
Beige; not homogeneous 
texture; pores of 3–4 mm 
  
G6 
IR-TAJ-SAMP-
0280 
Orange; homogeneous 
texture; pores of 2–4 mm 
G7 
IR-TAJ-SAMP-
0065 
Light Orange; 
homogeneous texture; 
pores of 3–4 mm 
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Sample 
Archaeological 
index 
Macroscopic features Sample 
Archaeological 
index 
Macroscopic features 
G8 
IR-TAJ-SAMP-
0081 
Pale red; homogeneous 
texture, no chaff, not 
porous 
G9 
IR-TAJ-SAMP-
0082 
Beige; homogeneous 
texture; pores of 3–4 mm 
maximum, no sign of chaff 
  
G10 
IR-TAJ-
SAMP-0066 
Dark Orange; homogeneous 
texture; pores of 2–4 mm 
N1 
IR-TAJ-
SAMP0072 
Pale red; homogeneous 
texture, with sign of chaff, 
pores of 1-2 mm 
 
N2 
IR-TAJ-
SAMP0073 
Orange; aggregate texture; 
with discoloration but not 
black core, pores of 3–4 
mm 
N3 
IR-TAJ-
SAMP0074 
Pale red; calcareous 
texture, chaff, porous of 1-
2 mm 
N4 
IR-TAJ-
SAMP0075 
Beige; not homogeneous 
texture; pores of 3–4 mm 
maximum, no sign of chaff 
with bitumen on the 
surface 
N5 
IR-TAJ-
SAMP0076 
Orange; homogeneous 
texture; pores of 3–4 mm 
maximum, no sign of chaff 
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Tab. 2 -  Main qualitative mineral composition of brick body (XRD). 
 
 Qtz Cal Gh Px Kfs Pl Mgh Hem Ch Hc An I/M Hlm Ha Go 
TAJ1 xxx xx x xxx ± xx tr tr  tr xx     
TAJ2 xxx xxx tr x ± x  tr tr tr  tr    
TAJ3 xxx xxx  ± tr x tr tr tr   ±    
TAJ4 xxx xxx  x tr xx tr tr tr ±  tr    
TAJ5 xxx xxx x ±  ±  tr tr tr  tr    
TAJ6 xxx xxx  ± ± ±  ± tr   tr    
TAJ7 xxx xxx xx x ± ±  tr tr   tr    
TAJ8 xxx xxx x  ± xx  tr x   x tr   
TAJ9 xxx xxx xx x ± xx  tr x   x    
TAJ10 xx   xxx       xx     
TAJ270 xxx xxx xx   x x   xx x   xx  
TAJ271 xxx xxx xx x    xx       x 
TAj272 xxx xxx xx xx     xx       
TAJ273 xxx xxx xx xx  x xx x  xx      
TAJ274 xxx xxx xx xx   xx   xx x   xx  
TAJ275 xxx xxx xx x    x xx     xx  
TAJ276 xxx xxx xx    xx     x    
N1 xxx xxx xx xx   tr xx    tr    
N2 xxx xxx xx xx  x tr xx    tr    
N3 xxx xxx xx xx  x tr    x     
N4 xxx xxx xxx xx  xx tr xx   xx     
G1 xxx xx  xxx  xx tr    xx     
G2 xxx xxx  tr x xx tr x    x    
G3 xxx xxx xx xx x xx tr         
G4 xxx xxx xx   xx tr         
G5 xxx xxx xx tr  xx tr         
G6 xxx xxx xx xx x xxx tr     tr    
 
xxxx=very abundant; xxxx=abundant; xxx=discrete; xx=scanty; x=poor; ±=very poor; tr=trace 
Qtz=Quartz, Cal=Calcite, Pl=Plagioclases, Gh=Gehlenite, Mgh= Maghemite, Hem=Hematite, Hr=Hercynite, Kfs=K-
feldspars (Kretz 1983), I/M=Illite/Micas, Cl=Chlorite, Px=Pyroxenes, An=Analcime, Ha=Halite, Hlm= Ilmenite, 
Go=Goethite. 
 
 
 
Fig. 4 - Diffractograms of bricks (G1-G10 and N1-N4 samples) with the major phases based on their 100% peak 
intensity. 
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Fig. 5 - Thermograms of bricks (TAJ270-276 samples). 
 
 
 
Tab. 3 - Thermogravimetric analysis of bricks. 
 
Samples Tmin(°C) Tmax(°C) CO2 /LOI (%wt) 
TAJ270 620 691 16.4 
TAJ271 634 704 13.2 
TAJ272 641 708 14.0 
TAJ273 629 701 10.3 
TAJ274 634 709 10.0 
TAJ275 637 688 13.5 
TAJ276 618 695 12.9 
 
 
 
 
Fig. 6 - STA diagram of brick samples (N1, N2, N3, N5, G2, G3, G5, G6, G7, G8, G9). 
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Tab. 4 - Main FT-IR absorptions of brick’s samples. 
 
TAJ270 TAJ271 TAJ272 TAJ273 TAJ274 TAJ275 TAJ276 Wave numbers (cm
-1
) 
3389,9 3389,6 3414,7 3401,7 3392,6 3400,0 3430,2 O-H stretching 
1416,9 1416,7 1416,5 1416,9 1417,1 1416,9 1417,0 CO3
2-
 stretching 
997,9 1008,9 986,3 1012,9 1012,1 1006,9 1011,5 Si-O asym stretching 
871,3 871,9 872,5 870,9 871,4 872,9 872,7 CO3
2-
 bending 
797,8 798,2 796,9 - 800,3 796,2 797,2 Si-O sym streatching 
711,8 712,4 712,1 712,7 712,4 712,1 712,5 Calcite 
675,5 673,0 665,2 675,3 673,9 - 673,9 Si-O quartz 
430,0 424,6 430,1 419,5 418,4 - 428,7 - 
 
 
 
 
 
 
	
 
 
 
Fig. 7 - IR spectrum of bricks (TAJ270-276 samples). 
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Tab. 5 - Bulk chemical composition of the brick samples for major elements (%weight). 
 
Samples SiO2 Al2O3 Fe2O3 CaO Na2O K2O MgO TiO2 MnO P2O5 L.O.I  
TAJ1 48,47 12,46 6,69 15,40 2,20 0,94 5,36 0,73 0,12 0,18 7,45 
TAJ2 41,48 10,27 5,57 19,83 1,24 1,61 4,95 0,61 0,10 0,08 14,26 
TAJ3 39,32 9,18 4,67 20,13 1,36 1,43 4,86 0,55 0,09 0,08 18,32 
TAJ5 40,11 9,14 4,39 19,16 1,47 1,40 6,52 0,56 0,09 0,11 17,04 
TAJ6 40,23 9,27 5,00 21,95 1,31 1,30 4,44 0,57 0,09 0,10 15,73 
TAJ7 39,03 10,02 5,05 20,09 0,69 1,80 4,19 0,59 0,09 0,07 18,37 
TAJ8 39,47 9,96 5,55 24,27 0,62 1,77 4,09 0,62 0,09 0,09 13,46 
TAJ9 37,62 10,72 4,95 17,54 0,43 1,75 4,75 0,56 0,09 0,08 21,5 
TAJ10 32,95 8,30 3,88 23,00 0,49 1,47 6,32 0,47 0,07 0,06 22,98 
G1 49,49 12,98 4,82 15,78 2,30 0,81 5,51 0,66 0,12 0,19 7,34 
G2 42,29 10,79 5,11 17,18 1,55 1,80 3,97 0,59 0,09 0,11 16,51 
G3 43,24 9,52 4,87 17,06 1,03 1,70 5,57 0,58 0,10 0,10 16,23 
G4 41,32 9,74 4,78 22,05 1,25 1,43 3,63 0,56 0,08 0,10 15,06 
G5 42,88 9,72 4,35 18,58 0,96 1,62 5,85 0,57 0,09 0,02 15,36 
G6 43,04 10,31 5,21 20,62 1,16 1,78 4,37 0,59 0,08 0,10 12,75 
G7 41,88 10,73 4,65 24,11 0,62 1,73 4,03 0,54 0,10 0,09 11,53 
G8 42,64 10,02 4,72 20,11 1,33 1,25 4,71 0,55 0,09 0,13 14,44 
G9 42,31 10,15 4,65 22,89 0,59 1,76 3,91 0,58 0,09 0,07 13,00 
G10 37,06 10,38 5,45 18,71 0,43 1,93 5,09 0,60 0,09 0,09 20,19 
N1 41,65 9,33 4,68 22,14 0,80 1,82 3,06 0,55 0,08 0,08 15,81 
N2 40,78 12,33 5,36 18,83 1,09 2,02 4,97 0,61 0,09 0,16 13,77 
N3 40,59 10,92 4,51 23,77 2,31 0,87 4,53 0,55 0,12 0,03 11,79 
N4 48,46 14,14 4,97 17,20 1,94 0,79 5,67 0,65 0,09 0,08 6,01 
N5 38,60 9,24 4,40 24,44 1,60 1,23 5,11 0,54 0,08 0,04 14,72 
 
 
 
 
Tab. 6 - Bulk chemical composition of the brick samples for minor elements (ppm). 
 
Sample  Cl Ba Sr Cu Zn Pb Ni Cr 
G1  178 95 662 34 92 9 135 137 
G2  636 103 830 34 86 327 123 110 
G3  565 87 675 70 76 18 121 119 
G4  419 73 550 77 72 28 110 103 
G5  269 46 896 33 71 20 106 109 
G6  460 61 536 108 86 32 126 110 
G7  176 82 590 170 95 25 114 92 
G8  173 102 562 39 77 3358 124 180 
G9  99 134 658 29 72 61 114 120 
G10  314 98 651 42 92 13 127 100 
N1  1090 129 574 29 116 27 116 112 
N2  266 107 852 25 82 14 130 115 
N3  142 90 693 29 68 10 110 100 
N4  145 82 476 38 106 19 145 112 
N5  282 112 665 32 72 14 117 94 
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Fig. 8 - Bulk chemical composition of the bricks in system CaO+MgO – Al2O3 – SiO2. 
 
 
 
 
 
Fig. 9 - A: Brick’s matrix with quartz and plagioclase as crushed and angular aggregates (XPL x 20). B: Plagioclase 
with the typical zoning effect due to the volume expansion (XPL 10x). C: Hydrated lime in the matrix (XPL 20x). D: 
Biotite as thermobarometer with untypical red colour (PPL 10x). E: Flint structure in the matrix of a brick (XPL 10x). 
F: cracks in the iron rich matrix of the brick (XPL 10x).
11
 
 
                                                 
11 XPL= cross-polarized light; PPL=  plane-polarized light  
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TAJ2, XPL x 25. TAJ2, PPL 50 x. 
 
Fig. 10. Brick’s matrix of samples TAJ2 
 
 
  
TAJ3, PPL x 25. TAJ3, XPL x 50. 
 
Fig. 11 - Brick’s matrix of samples TAJ3. 
 
 
  
TAJ4, XPL x 25. TAJ4, PPL x 50. 
 
Fig. 13 - Brick’s matrix of samples TAJ4. 
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TAJ5, XPL x 50. TAJ5, XPL x 25. 
 
Fig. 14 - Brick’s matrix of samples TAJ5. 
 
 
  
TAJ6, XPL x 25. TAJ6, PPL x 50. 
 
Fig. 15 - Brick’s matrix of samples TAJ6. 
 
 
  
TAJ7, XPL x 25. TAJ7, PPL x 50. 
 
Fig. 16 - Brick’s matrix of samples TAJ7. 
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TAJ8, PPL x 25. TAJ8, XPL x 50. 
 
Fig. 17 - Brick’s matrix of samples TAJ8. 
 
 
  
TAJ9, PPL x 25. TAJ9, XPL x 50. 
 
Fig. 18 - Brick’s matrix of samples TAJ9. 
 
 
  
TAJ10, XPL x 25. TAJ10, PPL x 25. 
 
Fig. 19 - Brick’s matrix of samples TAJ10. 
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Fig. 20 - EDX clay body spectra, TAJ2 sample. 
 
 
Fig. 21 - EDX clay body, particle, TAJ4 sample. 
 
 
 
 
Fig. 22 - EDX spectrum m, clay body, TAJ5 sample. 
 
 
Fig. 23 - EDX spectrum x, clay body, TAJ7 sample. 
 
 
Elem Wt % 
NaK 3,43 
MgK 4,49 
AlK 6,07 
SiK 46,74 
Pb K 0,88 
Cl K 0,55 
K K 3,55 
CaK 24,81 
TiK 0,97 
FeK 8,52 
Tot 100,00 
 
Elem Wt % 
NaK 1,35 
MgK 5,40 
AlK 10,28 
SiK 41,43 
S K 0,49 
ClK 0,55 
K K 3,66 
CaK 28,30 
TiK 0,83 
FeK 6,91 
PbM 0,80 
Tot 100,00 
 
Elem Wt % 
NaK 2,21 
MgK 4,05 
AlK 10,86 
SiK 36,07 
P K 0,30 
Pb K 0,36 
Cl K 0,30 
K K 2,00 
CaK 36,79 
TiK 0,42 
FeK 6,63 
Tot 
 
100,00 
 
 
Fig. 24 - EDS elemental data of TAJ4 sample. 
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SEM micrograph Detail 1, 2, 1. 
 
 
Element Weight %  
 
2.64 
Magnesium 9.98  1.56 
Aluminium 4.54     1.14 
Silicon 19.28  2.31 
Calcium 66.21  51.84 
   
Microanalysis, detail 1 –
Area 1 
 
 
Element Weight %  
 
2.64 
Magnesium 6.69  1.56 
Aluminium 4.09     1.14 
Silicon 17.24  2.31 
Calcium 52.56 
 
 
 51.84 
Iron 19.42   
   
Microanalysis, detail 2 – 
Spot 1 
 
 
 
Element Weight %  
 
 
 
2.64 
Magnesium   9.63  1.56 
Aluminium   4.08     1.14 
Silicon   23.42  2.31 
Calcium   62.87  51.84 
   
Microanalysis, detail 3 – 
Area 2 
 
 
 
 
Fig. 25 - Sample G1. 
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Fig. 26 - Sample G2, BSE-ESEM micrography of the crystals in clay body. 
 
 
 
	
 
 
Fig. 27 - IR spectrum of the glaze (TAJ 0270-0276 samples). 
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Tab. 7 - Main FT-IR absorptions of glaze samples. 
 
TAJ270 TAJ271 TAJ272 TAJ273 TAJ274 TAJ275 TAJ276 Wave numbers (cm
-1
) 
3390,8 3398,3 3398,3 3390,7 3401,8 3395,5 3390,1 O-H stretching 
1634,7 1634,9 1634,9 1652,5 1636,5 1634,1 1636,0 H-O-H bending 
1417,5 - 1420,2 1456,3 - 1420, 7 - CO3
2-
 stretching 
997,1 1016,9 1016,9 1012,3 1001,9 997,5 998,7 Si-O asym stretching 
872,2 - - - - - - CO3
2-
  asym bending 
794,5 793,8 793,8 793,5 794,1 796,8 793,5 Si-O sym streatching 
675,0 667,9 667,9 673,9 673,3 673,8 669,2 Si-O Quartz 
 
 
 
 
 
 
 
 
 
Fig. 28 - Different layering structure of the glaze and the body. 
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TAJ2, XPL x 25. 
 
TAJ2, PPL x 25. 
 
  
TAJ2, BSE-ESEM micrograph, whole stratigraphy. 
 
TAJ2, BSE-ESEM micrograph, glaze detail. 
 
  
TAJ2, BSE-ESEM micrograph, glaze detail. 
 
TAJ2, BSE-ESEM micrograph, glaze detail. 
 
  
EDX spectrum, glaze, particle. EDX spectrum, glaze, area. 
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EDX spectrum, glaze, black particle. EDX spectrum, glaze, particle. 
  
EDX spectrum, p, glaze, brown area. EDX spectrum q, glaze, outside the brown area. 
  
EDX spectrum, r, glaze, area. EDX spectrum s, glaze, particle. 
  
EDX spectrum, t, glaze, area. EDX spectrum, u, glaze. 
 
Fig. 29 - Micrographs of samples TAJ2. 
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TAJ3, XPL x 25. 
 
 
TAJ3, PPL x 50. 
 
 
 
  
 
BSE-ESEM micrograph. 
 
 
EDX spectrum d, glaze, particle. 
 
 
 
 
 
 
EDX spectrum f, glaze, particle. EDX spectrum e, glaze, area. 
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EDX spectrum h, glaze, area. 
 
 
EDX spectrum i, glaze, area. 
 
 
 
 
 
 
EDX spectrum l, glaze, particle. 
 
 
EDX spectrum m, glaze, area. 
 
 
 
 
 
 
EDX spectrum n, glaze, particle. 
 
 
EDX spectrum o, glaze, particle. 
 
 
Fig. 30 - Micrographs of samples TAJ3. 
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TAJ4, XPL x 25. 
 
 
TAJ4, PPL x 25. 
 
 
 
 
 
 
TAJ4, 200x, transmittected light. 
 
 
TAJ4, 200x, reflected light. 
 
 
 
 
 
 
TAJ4, BSE-ESEM micrograph, glaze. TAJ4, BSE-ESEM micrograph, glaze. 
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EDX spectrum a, glaze, yellow area. 
 
 
EDX spectrum b, glaze, area. 
 
 
 
 
 
 
EDX spectrum i, glaze, white particle in a pore, first level. 
 
 
EDX spectrum l, light grey area. 
 
 
 
 
 
 
EDX spectrum o, new formed crystals in a pore. 
 
 
EDX spectrum p, glaze, level 2. 
 
 
Fig. 31 - Micrographs of samples TAJ4. 
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TAJ5, XPL x 50. 
 
 
TAJ5, PPL 50 x. 
 
 
 
 
 
 
TAJ5, 200x, reflected light. 
 
 
TAJ5, 200x, reflected light. 
 
 
 
 
 
 
EDX spectrum a, glaze, area. 
 
 
EDX spectrum b, blue particle. 
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EDX spectrum i, inner part of the pore. 
 
 
EDX spectrum l outer part of the pore. 
 
 
 
 
 
 
EDX spectrum h1. 
 
 
EDX spectrum o, glaze. 
 
 
 
 
 
 
EDX spectrum p, glaze. 
 
 
EDX spectrum q, glaze. 
 
 
Fig. 32 - Micrographs of samples TAJ5. 
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TAJ7, PPL x 25. 
 
TAJ7, 100x, reflected light. 
 
 
 
 
 
BSE-ESEM micrograph. 
 
BSE-ESEM Micrograph, detail of glaze. 
 
 
 
 
 
EDX spectrum a, area, inner part of a bubble, glaze 1. 
 
EDX spectrum b, area, particles. 
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EDX spectrum e, area, particle. 
 
EDX spectrum f, area, glaze. 
 
 
 
 
 
BSE-ESEM Micrograph, detail of glaze. 
 
EDX spectrum h, white particle, level 2. 
 
 
 
 
 
BSE-ESEM Micrograph, detail of pores. 
 
EDX spectrum i, inner part of pore, level 2 
 
        
 
      * spettro h 
 
 
                  
        
 
           * 
       Fe                                             spettro i 
   Si Ca Fe 
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EDX spectrum n, area, pore. 
 
EDX spectrum z, glaze, level 1. 
 
  
EDX spectrum o, particle, level 1. 
 
EDX spectrum p, particle, level 1. 
 
 
 
 
 
BSE-ESEM Micrograph, glaze. 
 
EDX spectrum v, glaze, level 1. 
 
Fig. 33 - Micrographs of samples TAJ7. 
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TAJ10, XPL x 25. 
 
 
 
TAJ10, PPL x 50. 
 
Fig. 34 - Micrographs of samples TAJ10. 
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TA270 sample. 
 
SEM micrograph TAJ270. 
 
 
  
SEM micrograph - TAJ270 glaze. 
 
SEM micrograph, detail 1 and detail 2. 
 
 
Element Weight % 
   
Sodium 6.9 
Magnesium 3.1 
Silicon 57.2 
Sulfur 7.4 
Potassium 4.4 
Calcium 16.3 
Iron 4,7 
Microanalysis, detail 1 
 
Element Weight % 
   
 
Magnesium 1.5 
Silicon 10.9 
Calcium 2.4 
Iron 72.5 
Cobalt 12.7 
  
  
Microanalysis, detail 2 
 
 
Fig. 35 - Sample TAJ270. 
Micro-invasive Investigations on Bricks and Glazed Bricks from Tol-e Ajori 
99 
  
TAJ271 sample. 
 
SEM micrograph - TAJ271. 
 
  
SEM micrograph, detail 1 and detail 2. 
 
SEM micrograph detail 3. 
 
 
Element Weight % 
 
Magnesium 0.9 
Aluminium 0.6 
Silicon 8.9 
Calcium 3.7 
Iron 69.3 
Cobalt 15.7 
Copper 0,9 
Microanalysis, detail 1 
 
Element Weight % 
 
 
Magnesium 0.8 
Aluminium 1.2 
Silicon 9.0 
Calcium 15.2 
Titanium 25.7 
Manganese 2.3 
Iron 45,9 
Microanalysis, detail 3 
 
Fig. 36 - Sample TAJ271. 
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TAJ272 sample. 
 
SEM micrograph, TAJ272 glaze. 
 
  
SEM micrograph, detail 1 and detail 2. 
 
SEM micrograph, detail 3 and detail 4. 
 
 
 
 Element Weight % 
 
Magnesium 0.3 
Silicon 10.1 
Lead 29.7 
Calcium 0.7 
Iron 59,2 
  
  
Microanalysis, detail 1 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Element Weight % 
 
Magnesium 0.6 
Silicon 12.1 
Iron 4.8 
Arsenic 0.0 
Antimony 35.1 
Lead 47,4 
  
Microanalysis, detail 2 
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Element Weight % 
 
 
Magnesium 0.6 
Aluminium 0.7 
Silicon 15.1 
Phosphorus 16.2 
Calcium 65.4 
Iron 1,9 
  
Microanalysis, detail 3 
 
Element Weight % 
 
 
Silicon 6.7 
Calcium 3.6 
Iron 5.0 
Antimony 33.5 
Lead 51.3 
  
  
Microanalysis, detail 4 
Fig. 37 - Sample TAJ272. 
 
 
 
TAJ273 sample. 
 
 
 
SEM micrograph, TAJ273. SEM micrograph, detail 1, detail 2 and detail 3. 
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Element Weight % 
 
Sodium 2.8 
Aluminium 1.5 
Silicon 13.2 
Potassium 1.5 
Calcium 1.4 
Iron 79,6 
  
Microanalysis, detail 1 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Element Weight % 
 
Magnesium 1.4 
Aluminium 2.6 
Silicon 9.1 
Calcium 2.1 
Iron 68.7 
Cobalt 13.5 
Copper 1.0 
Zinc 1,6 
Microanalysis, detail 2 
 
 
Element Weight % 
 
Magnesium 2.1 
Silicon 36.3 
Calcium 15.6 
Iron 9.3 
Antimony 36,7 
  
  
Microanalysis, detail 3 
 
Fig. 38 - Sample TAJ273. 
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TAJ274 sample. 
  
SEM micrograph TAJ274. SEM micrograph, detail 1, detail 2 and detail 3. 
 
Element Weight % 
 
Magnesium 1.7 
Silicon 20.4 
Calcium 3.4 
Iron 2.2 
Copper 72,2 
  
  
Microanalysis, detail 1 
 
 
 
 
 
 
 
 
 
 
Element Weight % 
 
Magnesium 1.1 
Silicon 11.4 
Calcium 1.9 
Iron 66.1 
Cobalt 18.7 
Copper 0,8 
  
  
Microanalysis, detail 2 
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Element Weight % 
 
Sodium 2.2 
Magnesium 1.1 
Silicon 27.3 
Calcium 6.4 
Antimony 63,0 
  
  
Microanalysis, detail 3 
Fig. 39 - Sample TAJ274. 
 
 
 
 
TAJ725 sample. 
 
  
SEM micrograph TAJ275. SEM micrograph, detail 1 and detail 2. 
 
Element Weight % 
    
Magnesium 0.8 
Silicon 14.7 
Sulphur 16.9 
Calcium 1.7 
Iron 1.2 
Strontium 8.2 
Barium 56,5 
Microanalysis, detail 1 
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Element Weight % 
 
Magnesium 0.9 
Silicon 12.1 
Calcium 17.2 
Iron 9.0 
Antimony 60,8 
  
  
Microanalysis, detail 2 
Fig. 40 - Sample TAJ275. 
 
 
 
 
 
TAJ276 sample. 
 
 
 
SEM micrograph TAJ276. 
 
 
                                      SEM micrograph, detail 1.            SEM micrograph, detail 2 and detail 3. 
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Element Weight % 
  
Silicon 27.6 Calcium 3.1 
Lead 69.4 
  
  
  
  
Microanalysis, detail 1 
 
 
 
Element Weight % 
  
 
Silicon 7.4 
Iron 5.5 
Arsenic 0.5 
Antimony 32.3 
Lead 54.3 
  
  
Microanalysis, detail 2 
 
 
 
Element Weight % 
  
Silicon 40.9 
Phosphorus 2.4 
Chlorine 1.9 
Calcium 8.0 
Iron 3.7 
Lead 43.0 
  
Microanalysis, detail 2 
 
Fig. 41 - Sample TAJ276. 
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a) 0062, BSE-ESEM of the glaze 
 
b) EDX of the glaze 
 
Fig. 42 - Sample G2. 
 
 
 
SEM micrograph, detail 1. 
 
Element Weight %  
Sodium 3.09  
Magnesium 5.19 
Aluminium 8.27 
Silicon 45.26 
Phosphorus 1.00 
Lead 14.47 
Chlorine 0.73 
Potassium 1.7 
Calcium 8.05 
Vanadium 3.37 
Iron 8.86 
  
Microanalysis, detail 1 –Full area 
1 - 
Interface 
 
 
Fig. 43 - Sample G2. 
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SEM micrograph. Detail 1, 2. 
 
 
Element Weight %   2.64 
Sodium 2.64  1.56 
Magnesium 1.56  1.14 
Aluminium 1.14  2.31 
Silicon 2.31  51.84 
Lead 51.84  34.92 
Antimony 34.92  5.6 
Iron 5.6  
   
      
 
Microanalysis, detail 1 - 
Spot 
 
 
 
Element Weight %   2.64 
Magnesium 1.6  1.56 
Aluminium 0.66  1.14 
Silicon 6.13  2.31 
Phosphorus 5.26  51.84 
Lead 63.98  34.92 
Chlorine 3  5.6 
Calcium 5.86  
Vanadium 13.69  
   
   
 
Microanalysis, detail 2 – 
Area 
 
 
Fig. 44 - Sample G2. 
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SEM micrograph detail 1. 
 
 
Element Weight %   2.64 
Magnesium 1.89  1.56 
Aluminium 7.18  1.14 
Silicon 28.26  2.31 
Lead 30.78  51.84 
Potassium 0.57  34.92 
Calcium 8.15  5.6 
Vanadium 7.51  
Iron 15.66  
   
   
 
Microanalysis, detail 10 – 
Full area 2 
 
 
Fig. 45 - Sample G2. 
 
 
  
 
Fig. 46 - Sample G1, BSE-ESEM micrography, porosity in the glaze. 
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Fig. 47 - Sample G1, BSE-ESEM micrography of crystals in the pores. 
 
 
 
  
 
Fig. 48 - Sample G1, EDX spectrum Ca-rich particles. 
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The project started in 2008 by the Iranian-Italian Archaeological Mission in Fars, “From Palace to 
Town: An integrated multidisciplinary approach to Persepolis terrace and town”, had two main 
objectives, respectively in the fields of archaeology and conservation. The multidisciplinary 
approach of an up-to-date study of the past has included the application of physical and chemical 
investigations to the study of various classes of finds from the excavations at the sites of Persepolis 
West and Bagh-e Firuzi / Tol-e Ajori, representing the archaeological section of the project. This 
volume, the fourth of the series of final reports on the 2008-2013 project “From Palace to Town”, 
includes archaeometric studies on raw clay, ceramics, bricks, metals and bitumen. It makes 
available the large amount of data collected in these fields, and represents an important contribution 
to the knowledge of the production of these classes of archaeological materials from ancient Iran. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
